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Chapter 1 


Introduction and the Cell Theory 


The cell is a fundamental morphologic and 
physiologic unit ill the structure of living 
beings, just as the atom in chemical structure. 
Both a cell and an atom are composed of 
simpler components which aic so integrated 
as to exhibit special properties not found in 
any of the components or in their random 
mixture. Both exhibit variations in their 
properties based on different arrangements 
of parts. Both serve as basic building blocks 
for more complex structures. However, the 
analogy cannot, be stressed too far; cells can 
reproduce, wheieas atoms cannot. The ability 
to utilize non-living matter to make living 
matter is probably the most fundamental 
property of the cell and cells are the simplest 
self-duplicating units. Cell biology is that 
field of biology which deals with the study 
and knowledge of this fundamental unit of 
life, the cell. 

For many years the branch of biology 
pertaining to the study of the cell was known 
as cytology However, somehow cytology 
came to be identified as the science of mere 
desciiption of the structuie of the cell as 
viewed through a microscope. These days 
the study of the cell and its components is 
made through the techniques borrowed from 


many different branches of sciences, e.g, 
biochemistry, biophysics, physiology, gene¬ 
tics, molecular biology, etc., and, therefore, 
it is looked at as a dynamic unit It is in this 
context that, in recent years, the name 
cytology has changed to cell biology. 

Background 

It is not easy to trace the development of 
any field of science because of the lack of full 
information. Besides, it is true that in science 
by emphasising the contribution of some, we 
tend to undermine the painstaking observa¬ 
tions and studies of many without which the 
works attributed to few might not have been 
possible. However, history has its importance 
only in highlighting some breakthroughs and 
in tracing some milestones in the study of a 
particular field of science. Only in this 
regard may we trace the history of cell 
biology. 

Dutch scientist, Anton Van Leeuwenhoeck, 
in 1672. Through his primitive microscope, 
Leeuwenhoeck was able to describe some 
protozoa, bacteria, spermatozoa, redjijood 
cells,.etc, rather quite accurately An 
English biologist, Robert Hooke, in 1665, 
using his primitive microscope (Fig, 1 I A), 
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observed ceJJs in a section of a cork. He 
coined the teim “Cell” (Latin . cell—hollow 
space) to designate hollow porelike struc¬ 
tures which he observed under the nucio- 
scope. These were actually dead cells of 
the bark tissue of a plant (Fig 1 IB) 
Very little was added to these obscivations 
for nearly 150 years, 


This is by no means an exhaustive list. Study 
of the cell is progressing at a rapid rate. We 
have now leached a stage m cell studies that 
we can anticipate with confidence solutions' 
to many unsolved problems, some of which 
pertain to two impoitant fields of human 
life — medicine and agriculture. 



However, the nineteenth century witnessed 
a good deal of studies towards understanding 
the structure of the cell. History is the cata¬ 
logue of major advancements in our know¬ 
ledge. Some of these milestones of progress 
in cell biology have been listed in appendix 1. 


The Cell Theory 

We have mentioned earliei that the cell is 
a morphological and physiological unit of 
life. This concept is known as the cell theoiy 
or cell doctrine. Two German scientists, 
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M. J. Schleiden and Theodoie Schwann in 



Fig 1.1B Box-like compartments in a cork tissue 
as observed by Robert Hooke, 

their studies in plants and animals in 1838 
and 1839, respectively, described why the 
cell should be considered as a unit of life. 
Hence, they are credited for having formula¬ 
ted the now familiar cell theory. However, it 
should be noted that they were not the first 
to conceive the idea of the cell as a basic unit. 


The French scientist, H. J Dutrochet, in 
1824 boiled some tissues in an acid and 
separated the cells and thought that the 
tissues were composed of the smaller units— 
the cells There were several scientists who 
contributed to the knowledge of the structure 
of the cell in the nineteenth century. Schleiden 
and Schwann put all these developments 
together and formally spelled out the obser¬ 
vations into a convincing doctrine that cells 
containing nuclei were the structural basis of 
the organisation of both plants and animals. 
Another German scientist, Rudolf Virchow, 
made another important generalization: cells 
come only from pre-existing cells. Putting all 
these obseivations together, the cell theory 
can be stated as follows 

L Cells ai ise only from pre-existing 
cells 

2. All organisms are composed of cells and 
cell products. 

3. Cells are the structural and functional 
inits of life 

The cell theory is one of the important 
generalizations of biology and ranks with 
Charles Darwin’s theory of evolution and the 
theory of the gene of modern biology. 


EXERCISES 


1. Why should we study cell biology? 

2. Can you mention three biological generalizations of great significance? 

3. What is the cell theory? 

4. Which do you think is the greatest event in the history of cell biology? Why? 





















Chapter 2 


Tools and Techniques 


Before 1650, nothing was known about the 
cell and even its very existence could not be 
suspected because neatly all cells ate too 
small to be seen with the naked eye. It was 
only after the invention of the microscope 
that we could see objects which were beyond 
the perception of the human eye. Instruments 
like the microscope, therefore, act as exten¬ 
ded senses,' Light microscopes and electron 
microscopes have opened us a new micro¬ 
world ordinarily invisible to us Ordinarily, 
we can see otdv a minute portion of the 
visible light of the electromagnetic spectrum. 
By utilising photosensitive surfaces we can 
detect the long infra-red rays on one side of 
the spectrum and the short ultra-violet rays, 
X-rays, etc., on the other. Just like tools, 
techniques also enable us to know a great 
deal about things which we may not ever see, 
like atoms, molecules and other structures, 
Hence, there is a direct relation of the 
progress in the development of new and better 
instruments and techniques to the progress 
and refinement of our knowledge of science. 
This is particularly hue of our knowledge 
of cell biology. We will describe a few of 
the important tools and techniques being used 
in the modern study of the cell 


Microscopy 

The human eye cannot see objects smaller 
than IQQ. microns. This means that any two 
points closer than the distance of 100 microns 
cannot be distinguished as two distinct 
points by our eyes, They may appear as one 
or blurred images. This ability to distinguish 
two close points as two separate points is 
known as tesolvmg powa Hence, the 
resolving power of the human eye. is 100 
microns. The microscope is an instrument 
Which magnifies as well as resolves the 
objects seen through it. However, m order 
to see the objects we have to use some kind 
of illumination. The resolution of a micro¬ 
scope also depends on the kind of illumina¬ 
tion used. Geneially, objects closer than one- 
half the wave length of the illuminating light 
cannot be clearly distinguished in a light 
microscope. The wave lengths of the visible 
spectrum of light range from 4000 A 0 to 
8000 A 0 . Taking an average of 6000 A 0 as 
the wave length, the resolving power of a 
light microscope will be about 3000.A 0 or 
QJ microns. Thus, even a light microscope 
has its limitations and cannot enable us to 
see objects smaller than 0.30 to 0.25 microns, 
Since many parts of cells have smaller 
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dimensions, their presence and structure 
were undetected until the invention of the 
electron microscope (Fig. 2 iA). 



EM 300 PHILIPS 


The structure of a compound light (optical) 
microscope (Fig, 2.2) is quite simple. It con¬ 
sists of a system of two lenses: (i) an objective 
lens and (it) an ocular lens and a condenser. 
The objective lens produces an initial image of 
the object. The quality of this image deter¬ 
mines the resolution of the image. The 
ocular lens (eye-piece) magnifies the initial, 
aerial image and produces the final image. 
The function of the condenser is to direct a 
light beam on to the specimen. 

The electron microscope utilizes a stream 
of high speed electrons instead of light waves. 
The wave length of electrons is determined 
by the voltage at which they are generated. 
At 50,000 volts, they have a wave length of 
about 0.50 A 0 . Thus, the resolving power of 
the electron microscope can be one-half of 


0.50 A 11 -, i e , 0 25 A 0 However, due to 
technical difficulties, the resolving power 
below 10 A 0 is rarely achieved With this 
resolving power, the election microscope 
actually opened up a new domain io the cell 
biologist, by making a number of cellular 
structures visible with remarkable details 
(Fig. 2.1B). 

The electron microscope is bused on the 
response of electrons to electromagnetic 
fields. A metal filament heated la a vacuum 
emits electrons which follow a straight path 
similar to light rays. The beam of electrons 
is focussed with the help of electromagnetic 
lenses which are actually coils of wire enclosed 
in a'soft iron casing. After passing through - 
the object, the beam is deflected by the 
electromagnetic lens which acts like an 
objective lens. The resulting image is passed 
through another Jens, the projector Jens, 
which throws the final magnified image on 
to a fluorescent screen. A photographic plate 
may be substituted for the fluorescent serceh 
and exposed. Such photqgraphs are the 
electron micrographs. Thus, there seems to 
be some sort of similarity in the make-up of 
the compound light microscope and the 
electron microscope (Fig. 2.3). But the latter 
is a much -more sophisticated and expensive 
instrument. 

In order to study cells and tissues under 
an electron microscope, they have to be 
killed.and., fixed in certain chemical solu¬ 
tions, cut and stained with some dyes or 
stains to provide contrast. Living cells 
cannot be observed ..under the electron 
microscope. Hence, doubts are ofteni raised 
regarding the reality of structures and details 
observed through these microscopes. 

T he phase c ontrast microscope js..a.device 
which enables us to observe living cells and 
tissues, although its resolution is not better 
thaiTan ordinary microscope since it is aho a 
kind of light microscope and utilizes light 
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FLUORESCENT SCREEN 


-EVE 



Fig, 2,3 A diagram showing the similarities and 
differences between a light and an electron 
microscope 

r.tvs for illumination. It is based on the 
principle that intensity (brightness) is. pro : 
portional to the square of its amplitude of 
light waves. When the light rays-ure parallel, 
their amplitudes are said to be m the same 
phase. However, if they are progressing at 
different angles, they are said to be out of 
phase, 

A phase difference in the light rays passing 
through the various components of the cell 
and those reaching directly without passing 
through the object is created in the phase 
microscope. Due to these phase differences, 
i ntensity variations are produced , resulting 
in the maximum contras t. Because of the 
c ontrast, we can observe th e cell and its 
various components m their living state 
(Fig. 2.4A). 

There are seyeral kinds of light micro¬ 
scopes : for example, interference microscope, 
fluorescent microscope, polarising micro¬ 


scope, UY microscope, etc., each developed 
for a specific need. The interfeience micro¬ 
scope is used for quantitative studies of 
various macromolecules of the cell compo¬ 
nents. 

When certain chemical substances are 
irradiated with UV light, they absorb the 
radiation and emit visible light. Such 
chemicals are known as fluot ochromes Some 
such fluorochromes bind with the specific 
parts of molecules of the cell structures. The 
kind of microscope which is used to localize 
the cell structures, or to detect minute 
quantities of materials with the help of 
fluorophromes is known as fluorescent 
microscope (Fig 2 4B). The polarising micro¬ 
scope can detect regions in cells where 
constituents are disposed m highly ordered 
array (Fig. 2.4C). This is done with the 
help of a prism, the polarizer built 
into the microscope. The ultra-violet micro¬ 
scope makes use of the fact that certain 
substances m the cell, for example nucleic 
acid? (RNA and DNA), strongly absorb 
ultra-violet light. Pictures taken through the 
ultra-violet microscope show the locations of 
high concentrations of nucleic acids as 
regions darker than'the rest of the cell. 
Cytochemistry 

The, technique of cytochemistry is generally 
used to locate specific constituents within 
the cells. This is done by producing a colour 
contrast or special deposits at the specific 
sites where the constituent is present in the 
cell. Dyes which can bind a particular sub¬ 
stance can be used. For example, Schiff's 
r eagent reacts, u nder certain conditions, with 
DNA only and can be used to localize the 
presence, of DNA in a cell, Similarly; under 
proper conditions, 3ubsliates of enzymes can 
be used to localize the distribution of enzy¬ 
mes. This is possible since, under certain 
conditions, the reactions of some enzymes 
with substrates can produce insoluble pro- 
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Fig. 2 4A A living cell as observed through a phase-contrast microscope. 


ducts, visible through the microscope. Under 
proper conditions, some of these techniques 
can even be used for quantitative studies 
since the amount of dye taken up may be 
directly proportional to the amount of the 
stained components. A special technique of 
microspectrophotometry is developed for such 
quantitative analysis. It is now possible 
to localize a large number of cell consti¬ 
tuents by the methods of cytochemistry. It 
is even possible to use some of these techni¬ 
ques to visualize the distribution through the 
electron microscope enabling'us to obtain 
greater precision of locations. 

Autoradiography 

One of the important techniques used to 
study.the synthesisof molecule^ and to, trace 



Fig. 2.4E A photogiaph of chromosomes as seen 
under a fluorescent micioscope. 
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metabolic events in cells is called autoradio¬ 
graphy. Some radioactive precursors which 
are building blocks in the synthesis of macro¬ 
molecules are used to tiace the metabolic 
activities of the macromolcculcs The most 
widely used isotopes are tritium ( 3 H)_carbon 
( W C) and phosphorus ( 32 P). These isotopes 
are incorporated into the precursors which 
are administered into cells and their pathways 
are followed by fixing the cells at various 
intervals Tritium or carbon-labelled thymi¬ 
dine is used for studying the synthesis of 
,DNA; tritium-or carbon-labelled uridine is 
used for studying the synthesis of RNA, and 
tritiated or carbon-labelled ammo acids are 
used'for tracing protein synthesis. In tins 
technique, after the administration of radio¬ 
active precursors, the cells are fixed and 
sectioned if necessary These sections are 
coated with photographic emulsion The 


sections are exposed in dark for certain 
length of time and then developed just like 
ordinary photography. Emission of radia¬ 
tions from the radioactive substance reduces, 
just like light rays, the silver salt of the emul¬ 
sion to produce metallic silver grains These 
silver grains form the image, just like the 
photographic film The presence, location and 
amount of silver grains can furnish data 
.which can be useful m interpietmg events 
concerning the. prccutsors and macromolecu¬ 
les in which they are incorporated (Fig, 2 5). 
Autoradiography is veiy useful for studying 
(dynamic aspects of the cell constituents For 
example, if ladioactivc uridine is fed to cells 
and these aie fixed only a few minutes latei, 
almost all giains will be found on nuclei, 
suggesting that RNA is synthesised in nuclei 
and not in cytoplasm. If the interval between 
the exposure and fixation is piolonged by an 
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Fig. 2.5 Showing silver grains in 


hour or two, most of the grains are observed 
in cytoplasm. This means that RNA. is 
s'T.thcs scd in nuelers and is t ur.sportcd To 
.nlv'pl i-.'ii Siii'ii -iikimgs luv M'.y \.tillable 
in metabolic studies of cells. 

Cell Fractionation 

Cell fractionation is another important 
and versatile technique for studying cell 
chemistry (Fig. 2.6). Tissues and cells 
are homogenized in certain media which 
preserve cell structures in good condition. 
The homogenates of cell fragments are placed 
in a test-tube and are centrifuged. The sedi¬ 
mentation of these fragments of cell struc¬ 
tures depends chiefly on their weight and size. 
Since most of the cell organelles differ in their 
sizes and weights, they can be separated easily. 
This method of sepai ating them by centrifuga¬ 
tion is known au dijfcicntial ccntrijugation. 
^Solutions of sucrose oi other sugars are gene- 
I /rally used because they provide proper density 
/.and preventjrliimpina ,T 1 Well fragments. 
With this me'Toil? one cn easily separate 



-r. _ Cb> 

<) nucleus and (B) cytoplasm. 

almost intact and pure fractions of nuclei, 
mitochondria, chloropiasts, lysosomes, 
nucleoli, microsomes (fragments of endo¬ 
plasmic reticulum), etc. These fractions can 
then be subjected to biochemical analyses. 

Biochemical and Biophysical Techniques 
Only a very brief outline of some of the 
most widely used methods can be given 
here 


(0 The pH of a solution may be accu¬ 
rately measured by a meter A 
potential difference related to (H + ) is 
set up and, after amplification, may 
be read off as an actual pH value. 

00 Biochemical compounds have a pro¬ 
perty of showing maximum absor p- 
tion of llghtjffLd jffffent wmcLl&ngtbs. 
Very small amounts of biochemical 
substances can be quantitatively deter¬ 
mined by measuring the per centage 
of absorption th.sy sh ^w at. sele cted 
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wavelengthsjML£ompamd-JMth -solu- 
tio ns of known con centrations Some¬ 
times, colours develop as a result of 
some reactions Such coloured solu¬ 
tions can be used for absorption studies 
as they can yield better accuracy. The 
method ^MtAjoe ctroohotom etry. 

(lit) It is possibleTcTieparate small quan¬ 
tities of organic (and inorganic) 
compounds according to the Tate they 
travel along a piece of paper, or a 
column of suitable material. This 
allows detection and identification of 
minute amounts of reaction products 
as the rate of travel of any given 
substance under controlled condition 
is constant and, thus, unknowns can 
be compared with standard solutions. 
The technique is called chromato¬ 
graphy. 

(iv) Ion exchange resins are used for the 
extraction and purification of organic 
compounds of small molecular groups 
and ionisable groups such as amino 
acids. 

(v) Ultracentrifuges ate centrifuges with 
very high speeds which make it 
possible to separate not only cell 
constituents but even large mole¬ 
cular species of different densities. 

(vf) A very sophisticated and complex 
method for analysing the structure of 
molecules in crystalline form is X-ray 
crystallography. It is based on the 
measurements of diffraction patterns 
of X-rays as they pass through a 
crystal of the substance(Fig. 2.7). Such 
studies can reveal important informa¬ 
tion relating to the arrangements of 
atoms in the molecular structure of 
substances like enzymes. The tech¬ 
nique is also of classical interest as it 
was used..by^WilkiHSr-Watson and 



Fig, 2.7 X-ray diffraction pattern of DNA. 


Crick to determine the molecular con¬ 
figuration of double helix of DNA. 

Tissue Culture 

In modern cell research, tissue culture 
is an important method. Pieces of tissues 
or isolated cells can be cultivated in special 
fluid media in a variety of glass or plastic 
tubes, vials oi bottles. In pioper media, 
cells cannot only remain alive foi a long 
period, but can also grow and multiply. 
Cells in culture can be used for solving many 
most i m^rta flt-prob l ems- ofxelf'metaSoIi s m; 
for example, in ca ncer researcin Tissunjaritwc. 
cells are-wi delv used . Leuco cyte culture cells 
from human and animals are used for 
chromosome—pr eparations _in cytogen etic 
studies. Such studies on man have provided 
interesting information regarding the corre¬ 
lation of chromosomal abnormalities and 
congenital diseases. Plant cell cultures have 
been utilized for studying processes of diffe¬ 
rentiation and growth. Tissue culture cells 
have also been used for genetic engineering 
studies 

These are only a few of the most important 
techniques used in modem studies of cells. 
It is obvious that the cell biologist has a large 
varieties of instruments and techniques 
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available to him to study the secrets of the 
cell. However, any one tool is inadequate and 
often one has to use several methods to 
tackle any particular problem under investi¬ 
gation. Such knowledge as we have gathered 


of the cell has strengthened our belief that 
the cell is the basis of life and has, at the same 
time, made us aware of yet how little we know 
of the infinite complexities of this tmy little 
unit of life. 


EXERCISES 


1. Give a brief account of the biochemical methods used in the study of a cell. 
2 Discuss the statement that progress in cell biology is directly linked up to the 
progress in the development of techniques and tools used in it. 

3. Describe the technique of autoradiography. 

4. What is tissue culfuie? How is it useful in the study of cell biology? 

5. Compare the electron microscope with the light microscope and discuss their 
merits and demerits 

6. What is the difference between resolution and magnification ? 

7 Discuss the working and usefulness of the phase-contrast microscope. 



Chapter 3 


Cells—Shape, Size and Composition 


According to the cell theory, all living 
things are either single-celled or composed 
of colonies of cells and that the cell is the 
real unit of life. Naturally, then, if we 
can know what a cell is made of and how 
it works, we can understand what life is, 
However, this is not an easy job. Although 
most cells are tiny microscopic in size, they 
are infinitely complex units. Cell biology 
has witnessed great strides in the direction 
of unravelling the secrets of life and a lot 
is yet to be understood about the most 
complex system of the cell. 

The cell can be defined as a block of 
protoplasm surrounded by a membrane 
and often divided into compartments deli¬ 
mited by membranes or differential densities 
of the components. But this definition is 
inadequate since the cell is not a mere 
aggregation of static components. The cell 
is not even a complex system of heterogeneous 
molecules. The cell is actually an ever: 
changing dyaamjc u.mt.adaptingjtself to the. 
role it is required to play./.The cell is a 
highly ordered system of mutually inter¬ 
dependent and interacting components. Now, 
with this realization, we may go ahead to 
describe the cell. There is nothing like a 


typical cell. Cells differ in shapes, sizes 
and contents according to the functions 
they perform. 

Size 

Although some cells are visible to the 
naked eye, most are microscopic in size with¬ 
in limits of 10 to 100 microns (Fig. 3.1 A). For 
example, an ostrich egg (Fig. 3.1B) is the 
largest animal cell, as bigas 170x135 mm 
while the smallest known cell is that of a 
bacterium of pleuropneumonia, called PPLO 
(Pleuropneumonialike organisms) which may 
measure 0.1 to 0.5 microti in size (Fig. 3.1C). 
Thus, the size of PPLO may not be more than 
1000 to 5000 times that of a hydrogen atom, 
In plants, certain algae have gigantic cells 
An alga, Acetabularia( Fig. 3.2), consists of a 
single cell about ten centimetres in length.^ In 
the human body,.nerve cellsare the largest, 
pften about_90jxnijii length,Muscle cells are 
.also large but most other cells of the kidney, 
the liver, the intestine, etc., are between 20 to 
30 microns in diameter. In most cases, the 
size is correlated to the function of the cell. 
In size, the surface area of the cell membrane 
is very important. A cell takes nutrients 
from its environment and gives off waste 
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Fig. 3.1C Ultrastructure of pleuropneumomnlike 
organisms (PPLO) 

through its surface. The total surface area 
is critical because it affects the cell’s ability 
to exchange material with its environment. 
Generally, a cell which is .metabolically 
very active can&ot have a very large volume. 
The amount of nutrients needed for meta¬ 
bolism depends on the cell volume. Small 



bodies have more surface per unit volume 
than large bodies as can be seen from Fig. 3.3. 
Hence, no cell can have a volume whose 
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metabolic requirements exceed the exchange 
capability of its surface. At least two major 
factors restrict the cell size : ■ (i) the cell’s 
requirement of oxygen and other materials 
from its environment and (a) the regulating 
ability of its nucleus. There is no relation 
between the size of the cells and the body 
size of an organism, i.e., the elephant or 
whale does not have large cells. 

Shape 

As regards shapes, cells show even greater 
diversity than in sizes (Fig. 3.4). Here, 
again, cells demonstrate the existence of close 
relationship between a cell’s form and 
function. Some cells like those of Amoeba 
and White blood cells can change their 
shape continuously while most seem to 
maintain their shapes stable all through 
their existence. Free living cells such as 
protozoans and algae show a great range 
of forms from simple spheres to bizarre 
and complex. Among the cells of multi¬ 
cellular forms, a variety of shapes are 
present in, the same organism. Cell shape 
is mainly controlled by such factors as 
function, age, viscosity, 'tell wajl, external 
pressures or tensions and internal or external 
skeleton. Nerve and muscle cells are good 
examples of cefitTpecufiarly adapted to a 
particular function. 

Cell Number 

Unicellular organisms are formed of 
single cells. Multicellular organisms are 
formed of many cells, which in turn may 
be of many types. The cortex of the human 
brain may consist of nine billion two hundred' 
v millio n JsllsT> The human blood has 30 
quadrillion (30 x lO's) cells and the human 
body weighing about 60 kg may consist of 
60x1015 cells. However, all multicellular 
organisms begin with a single cell—zygote. 


All other cells are derived from multiple 
divisions during the growth of an organism. 

Physical Structure 

We must again emphasize that all cells 
have specialized roles and offer a great 
diversity of form and function. Hence, 
the generalized cell -that we may describe 
here cannot he considered as the typical 
cell. From the varieties, we may, for the 
sake of simplicity, consider three representa¬ 
tive types of cells as generalized cells. The 
cells of micro-organisms such as bacteria 
(Fig. 3 5A) are different from the cells of 
higher organisms like plants and animals. 
These cells do not possess well-formed 
nucleus and nuclear membrane which 
separate the cytoplasm from the nucleus and 
are, therefore, known as prokaryotic cells. 
These cells, instead of a nucleus, have a 
nuclear zone called nucleoid. In higher 
organisms, cells possess definite nuclear 
membranes forming two distinct compart¬ 
ments of the cytoplasm and the nucleus. 
These cells are called eukaryotic cells. 
Among the eukaryotic cells, the plant cells 
possess cellulose cell walls, large vacuoles 
and piastids and, thus, differ from the 
animal cells which lack -all these (Fig. 3.5B) 
In spite of these diffeiences, all of them may 
show some common general features. 

A typical cell may be regarded to be 
composed of two main compartments—the 
nucleus and the cytoplasm. 

All cells possess a cell membrane or 
plasma membrane which encloses the internal 
parts and allows some materials to pass irt 
and out but excludes otherk Such a 
membrane is said to be selectively permeable. 
All plant and animal cells possess a large 
spherical body called the nucleus. The 
nucleus contains one or more spherical j 
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Fig, 3.SA Diagrammatic sketch of a bacterial cell. 

dense bodies called .nucleoli which are rich 
in ribonucleic acid—RNA. , In the nucleus, 
there are also threadlike bodies called 
chromosomes which can be seen at certain 
times Chromosomes bear the genes which 
contain the hereditary material deoxyribonu¬ 
cleic acid—DNA, DNX. is ultimately res¬ 
ponsible for directing the functions of cells. 
The nucleus is bounded by a membrane 
and the cytoplasm lies between the nuclear 
and plasma membranes. 

Throughout the cytoplasm, there aie, 
characteristically, small membrane-bounded 
bodies which are called organelles Briefly, 
these bodies are threadlike mitochondria, 
which extract energy from food-stuffs and 
convert it into biologically useful form; 
plastids (chloroplasts) in plant cells, which 
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contain pigments for transforming the sun’s 
radiant energy into the chemical energy 
of molecules such as sugars; the Golgi 
apparatus, a system of canals commonly 
seen in secretory cells; and lysosomes which 
contain enzymes capable of digesting' food 
particles and cellular substances. 

Above is the description of cells as 
viewed under a light microscope. If we 
observe a cell through an electron micro¬ 
scope, we can see much fine structural 
organization of the organelles just described 
as well as some other details of the organiza¬ 
tion of the cell. For example, endoplasmic 
reticulum, a membrance network of channels 
which transports certain materials within 
the ceil, cannot be observed under an 
ordinary light microscope. With the help 
of the electron microscope, wc can see that 
on the outer surface of some of these tubular 
channels lie small spherical ribosomes which 
are involved in the synthesis of proteins. 

In, the animal cells, a pair of dotlike objects, t 
tlje csnlrioles, can be seen lying near the 
nucleus. They serve an important function 
in cell division (see Fig. 2 IB). 

Chemical Composition 

As indicated earlier, cells have a laige 
and heterogeneous population of elements 
and molecules. Despite this chemical he¬ 
terogeneity, it is possible to classify 
chemical constituents of cells, The know¬ 
ledge of these chemical constituents, their 
abundance, proportions and locations within 
the cell is useful for our understanding of its 
biological organization and function, 

By weight, the most abundant elements 
found in the animal ad Is are oxygen 65%, 
c arb on 18%, hydrogen 10%, and" nitrogen 
2.5 %, followed by calcium, sodium, ranging 
in'weight from 0.15% to 2%. However, 
these figures may be somewhat misleading 
because if the percentage of the relative 
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Fig. 3.5B Comparison between ( A ) plant cell and (B) animal cell 


abundance of elements is considered, hydro¬ 
gen (60%), oxygen (20%), and carbon 
(11%) are greatly in excess of all other 
elements, the next nearest being nitrogen 
at 2.4%. The predominance of hydrogen 
and oxygen is accounted by the fact that 
60 to 90% (by weight) of protoplasm is 
water, the water content being the Inghc-t 
in the embryonic cells and deer <• -ing pro 
grevi'.vly_v, uh age. -tv unviim ah;, differs 
in relation to metabolism being only 20% 
in the boae cells and 85% m the brain cells. 
Hydrogen and oxygen combined with carbon 
and nitrogen nvtLc up the major constituents 
of cells, namely, proteins (7-20%) carbo¬ 
hydrates (1-2%) and lipid (1-3%). The 
inorganic elements of cells account for 
1-2% by weight and include uot only the 
elements mentioned above but also trace 
elements such as magnesium, chlorine, iron. 


manganese and copper which have significant 
roles to play in enzyme action and other 
metabolic processes. 

The relative abundance of the mam 
chemical classes and the number of mole¬ 
cules per cell relative to DNA are shown 
in table 3.1. 

TABLE 3.1 

Percentage and Number of Molecules Per Cell 
Relative to UNA 


Molecule 

Pei cent 

Number of molecules 
relative to DNA 

DNA 

0.4 

1 

Water 

8.0 

1.2 X 10 7 

Protein 

9.0 

7.0 X 10 2 

Carbohydrates 

2.0 

14.0 x 103 

Lipid 

2.0 

7.0 x IQ 3 

RNA 

0.7 

4.4x10! 

Other organic 



compounds 

0.4 

4.0 X 10 3 

Inorganic compounds 1.5 

6.8 x 10 4 
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These figures do not indicate the 
relative importance of a particular element 
of molecule from the point of view of the 
cell structure and function, DMA and 
RNA occur in very small amounts but are 
highly significant m heredity and control 
of protein synthesis, Water is the most 
abundant molecule and without it cell pro¬ 
cesses would be impossible Proteins are 
found associated with membranes and also 
as enzymes 01 hoimones. Carbohydrates 
occur as storage products, and are associat¬ 
ed with proteins in cell secretions. Lipids 


occur in membranes and in storage inclu¬ 
sions. 

In summary, therefore, the cell can be 
defined as a systematically organized com¬ 
munity of molecular populations m dynamic 
interaction, It has a morphological, chemi¬ 
cal and physical organization which enables 
it to assimilate, grow and reproduce. The 
cell is a part of the physical universe and 
is subjected to the same laws as other physical 
objects, but it differs from the others as it 
has the power of self-regulation and adapta¬ 
bility which other objects do not have. 


EXERCISES 


L Suppose, a cell is 0.1mm in diameter. What is its size in nanometers ? 

2. Is it correct to state that all biological processes have molecular basis ? 

3. What is a typical cell ? Compare a plant cell with an animal cell. 

4. Why is the cell considered as the basic unit of life ? 



Chapter 4 


Cell Wall and Plasma Membrane 


Cell Wall 

We have learnt m an earlier chapter that 
Robert Hooke looked at a thick slice of 
cork tissue with his primitive microscope 
and saw that it was ‘all perforated and 
porous much like a Honeycomb’. Surroun¬ 
ding the pores in the cork tissue were thick 
partitions which he called walls. The vast 
majority of the plant cells have these parti¬ 
tions and cytologists have continued to 
refer to them as walls. 

The cell wall is an identifying character 
of the plant cells since the animal cells are 
devoid of it The plant cells are surrounded 
by a definite, rigid envelope, called the 
cell wall. To demonstrate the identity of 
the”plasma membrane as distinct from the 
cell wall, place a group of cells m a con¬ 
centrated solution of table salt The cyto¬ 
plasm with its plasma membrane will shrink 
inside, while the cell wall remains in position. 

Functions of the Cell Wall 

The cell wall determines many features 
of a plant body (Jt pla ys a maior rnla -m- 
helping-the_aerial portion of the land plants 
to withstand pravitational forces. It is involv¬ 
ed in the transport or movement of materials 


and metabolites in and out of the cell It 
counteracts physically the osmotic pressure 
produced by the cell contents. The cell 
wall plays an important role in cell expansion.„ 
Many enzymatic activities are also known 
to occur within the wall. Thus, fai from 
being an inert secretion, the cell wall is a 
highly functional legion outside the plasma 
membrane of the cell 

Structure of the Cell Wall 

The electron microscopic studies have 
shown that the cell walls are made of layers 
of crystalline microfibrils embedded within a 
fctrmless matrix (Fig. 4.1). These microfibrils 
are composed of long-chain macromolecules. 
In bacteria and blue-gieen algae, these large 
molecules are largely pioteins and poly¬ 
saccharides. In most fungi, the mycelial wall 
is made up of a long-chain macromoleculc 
known as chitin, a chemical that constitutes 
the chief portion of the exoskeleton in 
invertebrate animals. In green plants, it 
consists of bundles of long-cham cellulose 
giant molecules (Fig. 4 2). In woody plants, an 
encrusting layer of another long-chain macro- 
molecule of lignin is deposited over the 
cellulose microfibrils. The properties of 
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hardness associated with wood arise from 
the cellulose cell walls impregnated with 
lignin 

The microfibrils of the cell walls are 
embedded withm a gel-like amorphous 
matrix. The matrix is composed of various 
polysaccharides, chiefly pectin and hemi- 



celluloses. In the matrix of the cell wall 
we also find gums, tannins, resins, silica 
waxes, etc. 

Plasma Membrane 

Every cell is enclosed by a cell membrane. 
The membrane is also known as the plasma 
membrane. The plasma membrane forms 
an important barrier between the proto¬ 
plasm and the outer environment of the 
cell. It is not only a protective cover, but 
it also plays a very important role since it 
determines which materials can flow into 
and out of the cell. The cell can remain 
alive as long as the cell membrane is able 
to discriminate and select what can enter 
or leave the cell. Hence, it i s a living.an d 
dynamic me mbran e. 



Fig. 4.2 An electron micrograph showing parallel bundles of cellulose fibers in the cell wall of wheat. 
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It may be interesting to know that we 
were able to learn a good deal about the 
structure and functions of the plasma 
membrane even before we could see it. We 
canno t "see !. ■ ■ > 

since the thii ' . . ■■ ■»■ ■ 

below its resolving power. However, in¬ 
direct information about the membrane 
was accumulated from physiological experi¬ 
ments. Now we are able to correlate its 
structure and functions not only because 
we can see it with the help of an electron 
microscope (Fig 4.3) but also because many 
other sophisticated techniques have contribu¬ 
ted to our knowledge of the membranes. We 


can even isolate the membrane in pure form 
and study its properties. We can also 
prepare artificial membranes. 

Structure of the Plasma Membrane 

In 1935, James (5anielh" "and Hugh 
Davson were the first to propose a niolecu- 
IaFfilode.1 of the plasma memhrane (Fig. 4,4). 
From their physiological experiments they 
proposed that the plasma membrane con¬ 
sisted of three layers: A middle double 
molecular layer qf_ p hosp holipids_ aud two 
protciiflayers on either side of it. In effect, 
two protein layers IsandwicH the phos¬ 
pholipid bilayer.' It was assumed that each 
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Fig. 4.3 Uitiastructure of the plasma membrane. 
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Pig. 4.4 Model of the plasma membrane — 
(After Danietli). 


Later, (J. David Robertson ) studied the 
plasma memhm^Iflf_jidJikitid_ceils _wilh 
the Kelp of an electro n microsco pe and 
sfibwedTRaftHe plasma membrane, indeed, 
had three layer s of total thickness of 
^Ta 11 to 100A°^ each protein layer having 
thickness of 20 A' t o 35 A° for the interio r 

pho spholipid bilavets— Robertson_gave a! 

e gneeptofunit membranSl Fig.4.5).?nean ing 
t hat all membranous structures of aoell.bave 
a ai milarstructure of three layers and i f 
there aremore layers they are the multiples 
of the unit membrane, Robertson’s model 




EXTENDED PHOSPHOLIPID EXTENDED 
PROTEINS 0ILAYER PROTEINS 

Fig. 4.5 Unit membrane — (After Robertson). 

was widely appioved but remained unsatis¬ 
factory, because i f. couid not explain th e 
dynam'c nature and functional sp ecifity of/ 
tl nTine rphraflei " ' 

As more and more information was 
gathered, it became very clear that the 
three-layered structure was an oversimpli¬ 
fied representation for many membranes. 
The unit membrane concept was also not 
valid since although membranes may have 
some features in common, they differed 
markedly in composition and functions in 
different cells and in different organelles. 

In recent years, some more new 
models have been prepared Of these, the 
Fluid-Mosaic model proposed bv Singer and 
fijcolson (Fig. 4.6) has found wide accep¬ 
tance^ According to this mode], proteins 
do not always form a sandwich covering 
the entire hydiophilic surfaces of the lipid 
bilayers. Further, proteins play a very 
Lactive role in the structure and functions 
of the membrane. According to this view, 
there are two categories of proteins: 
peripheral (or extrinsic) integral (or intrin¬ 
sic). The integral- -proteins—a«—tightly 
held in place by strong hydrophilic 
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or hydrophobic interactions (or both) and 
are difficult to remove from the membranes. 
The peripheral proteins are located super¬ 
ficially at the membrane and can be easily 
extracted. Some integral proteins may be 
present throughout the membrane while 
some are partly embedded in the lipid layers 
and partly projected on the surface. Many 
of these proteins — peripheral or integral — 
are enzymes. Some are k nown as permeases 
as they f acilitate the entry of some substa nc es. 
Different membranes of diffeient cells and 
organelles differ in their protein and lipid 
compositions. The organization of lipids 
groteins, as _nutlmed—abovcr-ompaits 

braniZ^ 


^flexibility and specificity to the membrane 

1 * 1 ~ " ~ r * ~ ~ 



Fig. 4.6 Fluid mosaic model of the plasma mem¬ 
brane—(After Singer and Nicolson), 


Transport Across the Membrane 

Inspite of a lot of studies on the mem¬ 
branes, no satisfactory answer is yet available 


as to how exactly the molecules cross the 
plasma membrane. Several theories have 
been proposed but the exact mechanism 
is not yet known. It is believed that the 
transport of ions and molecules may involve 
both (i) passive and (ii) active transport. 
In passive transport, the moleciles or ions 
move from high to low concentrations in 
a chemical gradient or an electrochemical 
gradient if the molecules are charged parti¬ 
cles. The membrane plays a passive role 
as it allows simple diffusion. It is presumed 
that there are small pores, about 7 to 8 rnn in 
diameter, to effect the passive transport. 
If the molecule concerned is that of water 
and moves from its higher to lower c on- 
cgitration4hFeugb-the_membr-ane 3 -the-pr:oces 
is called osmosis . The active process in¬ 
volves the movements of molecules even 
-f 4’ ’.-.i-e-*. tl-ey mpy move* 
a .. ‘iig..u concentration. 

Su ch active transport is supposed to inv olve 
eit her a carrier process or m otheiL-ejmrfiy- 
dc pendent pro cess. In the carrier process, 
some kind of specific car rier (permease) is 
thou ght to facilitate the movement of the 
molecules - acro ss thelnembrane (Fig. 4 7). 
In this process, no expenditure of energy is 
involved. In the energy-dependent process, 
energy from the ATP is supposed to help 
speed up the transport of the molecules 
through the plasma memjjpkhe. 


MEMBRANE 



free diffusion 


MEMBRANE 
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FACILITATED DIFFUSION 


MEMBRANE 



ACTIVE TRANSPORT 


Fig, 4.7 Movement of the metabolites across the membrane involving carrier protein and energy. 
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The plasma membrane is too complex 
a structure and it is certainly very dynamic 
and flexible. Not only transport of mole¬ 
cules, ions, etc., take place, but exchange 
of specific molecules like those of Na and K 
may also occur. The molecules transported 
may be big or small. The processes outlined 
above may explain only partly the most 
complex nature of the transport mechanisms 
of the membranes. It is necessary to 
emphasize that the very existence of the 
tell depends on the cell membrane which is 
certainly very selective in allowing the entry 
and exit of the materials of the cell and it 
exerts great and subtle control over it. It 
is hoped that we will be able to know more 
about it since information is being gathered 
from many directions involving many differ- 
ent disciplines and techniques. 

Pleocytosis and Phagocytosis 

Some cells are required to ingest food 
or foreign bodies in bulk. For such materi¬ 
als, normal route of passage through the 
membrane is not possible. Hence, often 
in such cells the plasma membrane adopts 
special methods. The ^p rocess by which 
substances in bulk are taken in by the 
pfaSff rargTero brane is Known as endocytos is , 
and the reverse process by which secretions 
or waste materials in bulk are thrown out 
by the cell is known as exocytosis The) 
e'gdocytbsl'sTnvoives~pwoc >vdji y, i.e., taking 
^(drinking) of liquid sTTEstances m a large 

.engulfing of 

food materials or foreign bodies(Fig. 4.8). In 
pmocytosis or phagocytosis, the liquid globu¬ 


les or food particles get surrounded by 
an area of the plasma membrane which 
forms an invagination. Eventually, the in- 
vagraatmg ends fuse and pinch off to form 
a vacuole containing these substances. Such 
vacuoles later migrate towards the interior 
of the cell and merge with lysosomes and 
the material is thus digested. 

• o 

SOLID PARTICLE FLUID DROPLET 



ENGULFED SOLID ENGULFED DROPLET 
PARTICLE 



ig. 4.8 Intake of solid and liquid materials by the 
cell — Processes of phagocytosis and 
piuocytosU 


EXERCISES 


1. Describe the structure of a typical plant cell wall. 
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2 Describe various structural models of the cell membrane. Which do you 
think is best related to its functions? 

3. Describe how the cell membrane regulates the entry and exit of ions and 
molecules. 

4. Explain the terms ‘pinocytosis’ and ‘phagocytosis.’ 



Chapter 5 


Endoplasmic Reticulum and Ribosomes 


We have sees that tie protoplasm enclosed 
within the cell membrane and separated from 
the outside (extracellular) world as well as 
from the nucleus, is known as cytoplasm. 
The cytoplasm was thought to be relatively 
homogeneous and was often referred to as 
hyaloplasm. One of the greatest contribu¬ 
tions of the electron mittroscopy was to reveal 
an incredible complexity in the structure of 
the cytoplasm. With the help of the electron 
microscope it was demonstrated that in many 
cels of eukaryotes, an extensive membra¬ 
nous system. — the endoplasmic reticulum 
(ER) — is observed in the cytoplasm. 


The endoplasmic reticulum varies conside¬ 
rably in different cell types. In spermato- 
cytes, it is in the form of only a few vacuoles .* 
BTcells engaged lulpicTmetaboiism suchas 
adipose tissue, it is quite simple m the form 
of a few tubules. However, it is quite exten¬ 
sively developed in calls active in synthesis, 
particularly in the s ynthesis of proteins and 
h ormones, e.g., panc reas a nd liver cell s. In 
thethe endoplasmic retreu- 
lum takes a special form and is known as 
sarcoplasmic reticulum . 


The endoplasmic reticulum exists as an 

* ..III 

extensive network of flattened sacs oCcisternae 


(Fig. 5.1) which are formed by the encircling 
membrane sheet. In cross-section, it seems 
that the sacs are bounded by two membranes, 
each about 50 A 0 to 60 A 0 thick (Fig. 5.2). 

The endoplasm' 1 '. icIicjiUni may also be in 
the form ol\»buic'. m .acuAiS' 

Two kinds of endoplasmic reticulum arc 
seen in cells: (1) smooth endoplasmic 
reticulum and (2) rough endoplasmic 
reticulum. When the regions of the endo¬ 
plasmic reticulum are studded by granules of 
ribosomes on the outer face of the cistornae, 
the endoplasmic reticulum appears under tic 
electron microscope As rough membranes 
and, hence, such endoplasmic reticulum ‘s 
termed as granular or rough endoplasmic reti¬ 
culum. In the endoplasmic reticulum if no 
such ribosomes are found attached to the out¬ 
er surface, it is known as smooth endoplasmic 
reticulum. Apart from such morphological 
differences, the rough and smooth endviphs- 
mic reticulums differ also in their functions. 

In the cells ^^^1^i?( 

and secreting prot^ Hs. TEe rouglf eiidoutr^ 

mic reticulum 

loped; while in the cells vdiich<gjg ^"and ^ 
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MEMBRANE CiSTERNAE 

Fig. 5.1 Rough endoplasmic reticulum showing numerous flattened cistemac. 

^ynthesise steroi ds, the smooth endoplasmic enzymes-playing important roles in metabolic 
reBctdOEis^weUdeveloped sequential reactions. Thus, polypetides are 

The endoplasmic reticulum is much more packaged into proteins. Proteins and lipids 
than a passive channel for int£acellulaf^are complexed to form lipoproteins, and 
transport It contains a large number of polysaccharides and glycogen are stored. All 
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MEMBRANES 


Fig. 5.2 Rough endoplasmic reticulum — a three- 
dimensional view. 

these macromolecules are transported within 
and outside the cell through these vital 
channels of the endoplasmic reticulum. 

It is not yet well known as to how the 
endoplasmic reticulum arises. However, it 
is belived that the expansion of the endo¬ 
plasmic reticulum occurs through the synthe¬ 
sis of proteins and lipids necessary to form a 
new endoplasmic reticu lum by the pre - 
existing reticulum. 



Ribosomes 

Ribosomes are essential for protein synthe¬ 
sis and are present in all plant and animal 
cells. In the electron'micrographs, ribosomes 
are seen as spherical bodies, roughly about 
<1 50 A° to 250A° ] n diameter. Each ribosome 
consists of two distinct subunits of unequal 
sizes. Ribosome sizes are determined by the 
speed 'V'th which sed'iPevd m a eentu- 
tv’i in ■ /:, ■ ij it "; S unit 

to ji’.iSII-c in'. VtiluriM’.i.uion ci'-clTiriJr.t !n 
tho ouK ol’h ghei o rg nv mi■T.'TT bTr; cFTcs of 
SOS are observed, while in bac tenant he ribo¬ 
somes are slightly smaller, of ftOS~st2g-^ The 
SOS ribosome consists of 60S and 40S sub- 
units, while the 70S ribosome consists of SOS 
and 30S subunits (Fig. 5.3). These subunits 
are further .xamgassd of smaller subunits 
Thetpjbosomal RNAmolecules are large and 


they may account for almost 7 0 to 75 per cent 
o f the to jabxIliiIaxJ&Mgu Each subunit of a 
ribosome is a complexed ribonuejeoprotein 
particle having roughly equal amounts of pro¬ 
teins and RNA. Not much is known about the 
ribosomal proteins, but it seems certain that 
there may be a large number of different 
types of proteins in each subunit of a ribo¬ 
some. Some probably play structural roles, 
while others may have enzymatic functions. 
An enzyme, ifepiidyl transferase j) which 
brings about tSe actual "formation of a 
peptide bond, may be an integral part of the 
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Fig. 5.3 Component subunits, of 70S ribosomes. 

The principa l site of the synthesis of 
rfibosomal RNA -is the nucleo us. It has been 
well established that the nucleolar DNA 
consists of the ribosomal genomes. Some 
precursor RNA_js_jnad£L_on the nucleolar 
genes. The &h asomal pro teins, seem tn hm 
sy 4TnesisedTn^fi^5^ F>kikti-ut migrate to 
the nucleoli for the formation of ribosomes 
by complexing with ribosomal RNA in the 
nucleoli. 

Two distinct populations of ribosomes are 
recognised: those bound to the membranes 
and those that are free. Both play an impor 
tant role in protein synthesis * miosomes 
which synthesise structural proteins leave 
the proteins synthesised in the hyaloplasm. 
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The b ound ribosomes aie k nown to synthe¬ 
sise globular functi onal pro teins and 
transfer them to the cislernae of the endo¬ 
plasmic reticulum, 

During active protein synthesis, some 
ribosomes seem to occur in groups and are 
collectively know n & polyribosom es (Fig, 5,4), 
Isolated polyribosomes consist of linear 
array of ribosomes interconnected by a strand 
of variable length, about 10 to 20 mm thick, 
which has been identified as mRMA, 

Because ribosomes play an important role 
in^imteiiuynthe^ the strudWand^imc^ 
tions of each subunit and its components are 
of great interest. 

Fig. 5.4 Election microscopic structure of poly- 
ribosomes (diagramatic). 



EXERCISES 


2 IS!!" ' ,b t 0!0 “ ? their role i. protein synthesis. 

' e "“°“ the types of endoplasmic rcfcculum (ER) and tote their functions'! 



Chapter 6 


Golgi Apparatus 


The Golgi apparatus was discovered in 1898 proteins, carbohydrates or hormones and in 
by an Italian scientis t^CarnilhTGoIgb He the absorptive cells, the apparatus is compact 
observed this structure in the HEfyec elTor^a nd is usually located between the nucleus 
^bwfj &rough the ^metallic ImpregnatiotT^a nd the cell surfacgjadto secreti on o r absor- 
raetirod- The technique was so drastic that, ptmlakes-place". In many plant cells, the 
for long, many cytologists were not convinced Golgi apparatus appears to consist of many 


of the very existence of the Golgi apparatus 
in cells and considered it to he an artifact. 
With the development of electron microscopy, 
the controversy was settled. All eukaryotic 


cells possess the Golgi apparatus, except a 
few cell t ypes like r^ d/'Bfood^corpmcIes"of 
^dtammatst. 


Structure 

It is difficult to obseive and describe the 
structure of the Golgi apparatus through the 
hgEx jnicroscop ^ as it varies in shape, size 
and location. However, in the electron 
microscope, the structure appears as stacks of 
flattened sacs (cisternae), each bounded by a 
smooth-surfaced membrane Often connected 
to the 
variou 

size and shape of the Golgi apparatus in 
diffeient cell types. In neurons , an extr emely 


flat tened sacs (cisternae! are vesicles of 
s sizes. There is great diversity in the 



orate netwo 




(Fig 6-1). In the cells engaged in secretions of 


Fig. 6,1 Golgi apparatus as obseived in a nerve 
cell with the special staining method 
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unconnected units, called dictyosomes while some seem dilated or inflated by 
(Fif.6.'2) Some plant cells may contain dozens materials accumulated in, them. In most 



to hundreds of these dictyosomes, each of 
them being really a stack of cisternae. 

The number of the Golgi bodie s varies 
fromy jhreeto seven in most animal cells, 
while mthose of plants they may bs ^tenTcTb 
(twentyr^orne lower organisms may have a 
smglesac. In the stacks, the sacs are separa¬ 
ted from one another by a distance ol about 
200 A 0 to 300 A 0 . The width of the distance 
varies as some sacs appear uniformly flat, 


cells, the Golgi .bodie s are polari zed and 
poss ess convex and concave smfac £sjis the 
sacs are concentrically bent towards the 
nucleus or outer surface (Fig. 6.3). 

Functions 

For some years it was thought that 
chemical synthesis did not occur in- a Golgi 
body but it was believed to be a passive 
channel for materials synthesized elsewhere 
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in the cell. However, new evidences indicate 
that the Golgi apparatus is not a passive body 
but in fact it is metabolically very active an d!, 
is also mvolvedii Lthe svj iliiesis-ot-somiLDoly-" 
sacchandes, It is also observed that linking 
of carbohydrates a nd protein in the formatio n 
of plyjoprote mjocH^ 

In the plant cells, the Golgi complex (dictyo- 
somes) is known to synthesize pectin and 
some carbohydrates n ecessary for the forma-^ 
tion of the cell wallTa ndlom e secr etions li ke 
mu cilageTgums, e tc! Severafenzymeslike 
glwosyltransferase, iliiamuiepyrophosphatases 
bave^eeiTlocalizedin ThTGorgi bodies.' It is 
also i nvo]^£ddji^iQi^e^ ondensa^ixm^-paci: a - 
ging and transfer of materials. The packaging 
in a GolgTBodymvoives wrapping of a mem- 
brane around a particular secretion and 
discharging it through the plasma membrane, 
In addition to their participation in processing 
cell secretions, the Golgi bodies also appear 
to be involved in membrane transformation, 


l.c., changing one type of membrane into 
another type. It is w ell establishe d that 
WcretOT^^eTor'primary ly sosomesl fth. 
^oducedTromihe'sacs'brtHrGolgi. appara¬ 
tus. 



Fig, 4.3 Diagrammatic sketch of the Golgi 
apparatus. 


EXERCISES 


1, Describe the ultrastructure of the Golgi complex. 

2, Mention the role of the Golgi complex in the cell wall formation. 

3. Discuss the functions of the Golgi apparatus, 

4. What are dictyosoraes 1 



Chapter 7 



Several cell inclusions commonly found in 
cells ate known as microbodies. There are 
many kinds of such microbodies, each having 
its specific roles and unique characteristics. 
We will discuss, here, lysosomes, peroxisomes 
and spherosomes which' are the best, chara¬ 
cterized microbodies. 


Lysosomes 

Historically, unlike other organelles, lyso¬ 
somes were first studied by biochemical 
methods and were not seen under the electron 
microscope until about six years after the 
biochemical studies. / Christia n deDi^e, a 

ENZYMES 


NUCLEASES 
PROTEASES 
GLYCOSIDASES 
LIPASES 
PHOSPHATASES 
SULFATASES 




Belgian biochemist, is credited for discover¬ 
ing lysosomes in 1955 almost accidentally. 
He was trying to isolate from the rat liver 
certain enzymes which could hydrolyze 
carbohydrates. He found that activity of 
these enzymes was variable at all times when 
he homogenized the cells (Fig.7.1). He further 
found that older tissues gave a better yield of 
these enzymes and often several different 
hyd rolyzing enzymes sedimen ted togethem 
the same fraction which he isolafcdr Later, 
from the electron microscopic observation of 
these sedimated fractions, it was found that 
all these hydrolyzing enzymes were packed in 

SUBSTRATES 

—NUCLEIC ACIDS 

- PROTEINS 

- POLYSACCHARIDES 

- LIPIDS 

- ORGANIC-LINKED PHOSPHATES 
—ORGANIC-LINKED SULFATES 


Fig. 7.1 Enzymes of lysosomes and substrates which they hydrolyze when the lysosome 
membrane breaks down. 
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smalt bod ies which were called ly sosomes. 
It haTTJeen "shown that lysosomeTpossess a 
single membrane and contain nearly 40 
different acid hydrolyses, one of the most 
important enzymes being the acid phospha¬ 
tase. Lysosomes are comparatively small 
organelles, measuring, on an jiverage, 0 5 fi 

indiarnslcr- " ~ 

Except for a fe w ce ll types,, suqh as mamma¬ 
lian red bip od c ells (RBQ, lysosomes 
probably occur in the cells of all protozoa 
and multicellular animals. Lysosomes have 
also been found in some kinds of plant cells, 
e.g-, in yeast, fungi and green unicellular 
organisms such a $ Euslena 
All lysosomes are related, directly or 
indirectly, to i ntracellular digextum- The 
material to be digested may be of exogenous 
(extracellular) or endogenous (intracellular) 
origin, Collectively, the lysosomal enzymes 


are capable of hydrolyzing all classes of 
macromolecules in cells. The material on 
which the hydrolyzing enzymes act must 
enter the lysosomes since the enzymes remain 
confined within them (Fig. 1.2), 

It is widely believed that the principal site 
of 1 vsosome formation is the GoTgTapparatu^* 
The enzymes synthesized along the rough 
endoplasmic reticulum are transported 
through channels to the cisternae of the 
Golgi where they are packed into bodies 
which seem to bud off as lysosomes. 


On the basis of morphology of contents 
and functions, the lysosomes are classified 
into the following four main types ; 


,/TJPnmary lysosomes 
/2ySecondary lysosomes 
A. Residual bodies 
4f^Autophagic vacuoles 



Fig, 7 2 Diagram of the stages of lysosome formation and intracellular digestion. A. Intracellular 
digestion, B Lysosomal activity during aging 
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Primary lysosomes are the bodies containing 
only enzymes. T hese are the ones produced 
from.the Golgi apparabn®. The enzymes are 
most like!; the piimarv 

lysosome s. S k lien boll. t'n* enzymes and the 
material to be digested 01 being digested are 
present within a lysosomd, the lysosome is 

known as the secondary _ jvbes&me. The 

secondary lysosome may accumulate large 
quantities of und igested or indigestible 
molecules, the resulting .structures are called 
r_esiduai-Sodtes. On ageing and in certain 
pathological conditions, the lysosomes attack 
other intracellular organelles, surround them, 
envelop them in vacuoles and digest them. 
Such vacuo lar lysosomes aro referred to as 
au tophagic va cuoles. For most types of 
digestions, the primary lysosomes often fuse 
with other vacuoles containing extracellular 
or intracellular materials in the cell to form 
ihe secondary lysosomes. Some important 
useful functions which lysosomes perform 
are as follow 


^l^JFhey help in heterotrophic nutrition by 
intracellular and, under special condi¬ 
tions, also extra cellular digestion - 
^Lysosomes of leucocytes help in defence 
against cell infections by bacteria as well 
as microorganisms and guard against 
toxic molecules by digesting them. 

3. Invasion by lysis of obstructing struc¬ 
tures. 


4. Under unfavourable starvation condi¬ 
tions, they help provide nutrition by 
cellular digestion. 

5. They seem to be involved in fertilization, 
differentiation and metamorphosis. 

('/ They perform intracellular scavenging 
as part of the self-rejuvenation of long- 
lived cells and dead cells. 

Programmed cellular breakdown asso¬ 
ciated with cellular ageing. 


Peroxisomes 

Peroxisomes, also known as microbodies, 
were first, observed in the rodent kidney. 
They are distinctive organelles of widespread 
occurrance both in plants and animals 
(Fig. 7.3). They range from 0.5 to 1 /1 in 
diameter and are delimited by a single 
membrane and dofitain a finely granular 
matr 1 x. TEBy^teff = pos^e§slialeenttaL - Cbre 
called miefeohf- The nucleoid may consist 
of parallel tubules or twisted strands 
Peroxisomes are generally observed in close 
as sociat i on with the en doplasmic reticulum. 
Peroxisomes in different plant and animal 
cells vary considerably in their enzymatic 
make-up, but they contain some peroxide - 
prod ucing enzymes like urate oxidase , D- 
amino acid oxidase , B- hvdroxvacitl oxi dase 
and catalase. Peroxisomes are somehow 
associateTwith some me tabolic pro cesses. 
e-g- Xphotorespiration in the plant cells a^d 
Tipid metabolism”'in "’the™animal cells, 
"However, " their exact "role* still remains 
unclear. 


Spherosomes 

Spherosomes are bounded^b y a sin gle 
membwiney—contain en zymes an d can be 
seen under the ligh TTiucr oscope. However, 
their func tionTs'bTless general "nature than 
lysosomes. They show some affinity for fat 
stains, including the Sudan stains and even 

osnhum-m troxide — --- 

'spherosomes originate from the endo¬ 
plasmic reticulum, arise by 'B'utldmg-h'nd 
contaiir 


si zina oils and fats. F urther development of 
spherosomes takes place through an increase 
in the lipid content with a concomitant 
decrease in protein. 

The localization of enzymatic activity with 
spherosomes, and particularly with the acid 
phosphatase, has led to the suggestion that 
they are not essentially different from 
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lysosomes. But the specific lipidic nature can be grouped morphologically and func- 
of spherosomes indicates that these particles tionally as different from lysosomes. 



Fig 7 3 Peroxisome from a cell of grass. P Peroxisome. M. Mitochondia C Chloroplasl 


EXERCISES 

1. Write an account of lysosomes and their role in cellular metabolism, 

2. What are peroxisomes and spherosomes? 

3. Why lysosomes axe considered as suicidal bags? 

4. Mention different types of lysosomes. 



Chapter 8 


One of the most important facts of science 
is the principle of the conservation of energy. 
It states that energy is neither created nor 
destroyed, but can nevertheless be trans¬ 
formed from one form to another. All 
living organisms, in order to remain alive, 
need energy. This fact is known from 
another important physical law of entropy. 
This law states that all systems, living or 
non-livmg, if left to themselves, tend to 
increase the state of disorganisation and 
disorder (high entropy) unless free energy 
is provided. For living systems, the highest 
state of entropy, i.e. of disorganisation, 
is death. Hence, all living systems require 
a constant supply of energy to prevent 
death. Thus, energy must be available 
m living systems to power various processes 
of life. Table 8.1 shows how a cell utilizes 
its energy to perform some vital functions 

Chemical energy is the most suitable 
form of energy for living systems, since it 
can be easily transfened, transformed and 
stored. Although chemical energy is often 
converted into other forms of energy, it is 
the primary energy found in all living cells. 

The energy currency of the living cells 
is a chemical compound called adenosine 


gy 


TABLE 8.1 

—Cell division 

—Synthesis of new 
constituents and molecules 

Cellular Energy —Osmotic work 

—Tiansport of materials 
across the membrane 

—Nervous conduction 

—Muscular contraction, etc. 

triphosphate (ATP). ATP consists of a 
nitrogenous base, adenine, linked to the 
five-carbon sugar, called nbose (Fig. 8 1) A 
string of three phosphate molecules is linked 
to the sugar molecule. A phosphate group 
has one atom of phosphorous and three 
of oxygen. 

Most of the energy of the ATP molecule 
is in the bonds of the two phosphate groups 
at the end. When an ATP molecule reacts 
with water with the help of an enzyme, the 
bond between the second and the third 
phosphate is broken. Energy is released 
that can be measured as heat energy, 
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ADENOSINE TRIPHOSPHATE 


Fig. 8 1 Diagrammatic representation of ATP-molecule. 

ATP + H 2 O->ADP + P, + 30K joules of energy-nch phosphate bond. Inside the 
energy—Removal of the terminal phosphate living cells, the energy released is not lost 
residue from ATP thus releases 30 kilojoules as heat, but it is used to perform cellular 
of heat/mole. Hence, the bond is called the functions When a molecule of ATP gives 



FOOD 


Fig 8.2 Diagram showing the energy-flow in the living world. 
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up one energy-rich phosphate group, it 
becomes adenosine diphosphate (ADP). To 
form a molecule of ATP again, ADP must 
combine with one phosphate group, The 
energy required to link the phosphate 
group with ADP is supplied by the break¬ 
down of organic compounds, e,g., glucose 
within the cell. 

The Sources of Energy in the Cells 

As mentioned above, living organisms 
obtain energy for the synthesis of ATP by 
breaking down organic compounds such 
as sugars, fats or ammo acids. However, 
the primary source of energy is the sun. 
The light energy from the sun is utilized 
by green plants through a process of photo¬ 


synthesis to synthesize sugars fiom carbon 
dioxide and water. Animals, in general, 
depend on plants for the organic compounds 
in the form of food which is utilized for 
production of energy, i.e., ATP through 
the process of respiration Although carbon 
dioxide, water and oxygen are cycled between 
respiration and photosynthesis, energy flows 
in one direction in the living world (Fig. 8.2), 
Energy is converted from sunlight by photo¬ 
synthesis and released by respiration. 

In the living cells, these functions of 
respiration and photosynthesis are performed 
by two special organelles, mitochondria and 
chloroplasts, respectively We will now 
study these organelles and how they perform 
these functions. 


EXERCISES 


1. Give'several reasons for the fact that energy-releasing reactions occur in 

a number of steps. , 

2. Which substance would you take for a quick supply of energy-glucose or 
sucrose 7 Why 7 • 

3. Mention the vital functions of a cell where energy is utilized. 

4. Why chemical energy in the form of ATP is the most suitable form of 
energy for cellular processes 7 



Chapter 9 


Mitochondria 


Mitochondria are known as the ‘power¬ 
houses’ of the cell, since they are energy- 
generators. Mit ochondri a w ere first obser¬ 
ved by Altman m 1886 and were called 
bioblasts. Benda (1897) stained..them, and- 
studied’"in’ some detail and he named them 
mHocJmdria "(Greek, mito— thread, chon- 
Wim—, granule) Mitochondria are present in 
all plant and animal cells,' with the notable 
0KC? pt.«v, rjr( i blue-gree n algae . 

1.i . ... as it may eluci¬ 

date the possible evolutionary origin of 
mitochondria Some highly specialized cells 
like mammalian erythrocytes (RBC) have 
lost their mitochondria as a secondary 
feature Their number may vary from a 
few per cell to several thousand, depending 
on the type and functional state of the cell. 

Microstores , an alga, contains only one 
mitochondrion, while an amoeba, Chaos 
ch aos, may contain as many as 50,000. A~ 
human liver cell may contain a bout 1000 , 
while a $3neyns?li“raay' have 300 to 400 
mitochondria Although their sizes vary 
considerably in different cell types, diameters 
of 0 5 to 1.0 microns and lengths of 5 to 10 
microns or more are common. The size, 
shape and number may vary according to 


the physiological, pathological and differ¬ 
entiation states of the cells. By suitable 
stams, mitochondria can be easily observed 
in a thin tissue section They can also be 
seen in the living cells with the help of the 
phase-contrast microscope. 


Structure 

Under the light microscope, the mito¬ 
chondria of a cell are observed as filamentous, 
spherical or sausage-shaped bodies (Fig. 9.1). 
The detailed structure of a mitochondrion is 
revealed by the electron microscope. A 
mitochondrion possesses a double membrane 
— an outer membrane and an inner mem¬ 
brane. The outer membrane is separated 
from the inner membrane by a space $0.^ 
to „ lOfljV wid e. The inner membrane is 
extensively infolded, These infoldings are 
called cristae. The cristae are the unique 
identifying feature for mitochondrial profiles 
in the electron micrographs. Due to the 
extensive infoldings, the total surface area 
of the inner membrane is much greater than 
that of the outer membrane. Enclosed by 
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the nine; membrane is the matnx. By a 
special technique of negative staining m 
the electron microscopy, the inner membrane 
(enstae) is observed to possess the tennis 
rackctlike numerous stalked bodies. They 
arc known as etepientary particles o r oxisomes 
(fcTjpr2}Tl4ow7tcc^^ fable by 

which we can not only isolate mitochondria m 
pure form, but we can even obtain separately 
the outer and inner membranes as well 
as the matrix Thus, each part of a mito¬ 
chondrion can be obtained for biochemical 
analysis. Mitochondria contain approxi¬ 
mately 2|5 .to 35 per ce nt lipid, 5 to Tpercent 
RNA and tiaces of DNA, 60 jo 7fl pet-cent 
p rotein Nearly 60 different enzymes have 
been found to exist in a mitochondrion 
It is now possible to localize some of these 
enzymes in the various parts of a mito¬ 
chondrion and relate them to the functions 
they perform. 

Functions 

Mitochondria peiform the main fun¬ 
ctions of conversion and transfer of cellular 
energy, through—e- 
le ase of L ATP for les, 

and governing the transport of materials 
and water m and out of their own mem¬ 
branes. Thus, mitochondria are miniature 
biochemical factories which produce eneigy- 
nc h ATP mole cules fromfood-stuffs,oxygen 
a nd ADlh '^heToTtowf^^ 
explains the inputs and outputs of a 


mitochondrion. 

Although the process of production of 
ATP, as described above, appears so simple, 
it involves a large number of inteirelated 
reactions, each driven by a specific enzyme. 
The conversion, release and transfer of energy 
is a stepwise gradual process 

The process of phosphorylation, i.e, 
linking of phosphate to ADP, requires 
energy which is obtained by an Orderly 
con traded fre lease and capture of electrons. 

In chemical terms, oxidation and reduction 
reactions involve transfer of electrons from 
one molecule to another. The molecule 
losing electrons is oxidised and the one 
gaining electrons is reduced. T he eneig y 
obt ained by such transfer of ele ctrons from 
one 'rn nlptvnTe^to the~olTier~~i s^utilized .o 
attach phos phate molecul e to~ *AUFTTe-, to 
majce~~~ATF This process is known as 
oxidative phosphorylation This transfer of 
electrons is harnessed"*and controlled by a 
series of reactions which utilize oxygen to 
couple it with hydrogen atoms which, in 
turn, are released as side-products of the 
election transfer system. The coupling of 
hydrogen with oxygen results in the forma¬ 
tion of water and the chain of .reactions 
involved in this process is known as 'respiia- 
tion Thus, oxidat ive phosphorylation k 
linked up with respiration for the production^ 
oT ~7AT g3i;olecules. The stepwise release 
of electrons occurs through a cycle of 



Fig. 9 3 Conversion of food into energy-rich ADP molecule in mitochondria. / 



46 


metabolic events collectively known as the 
citric acid cycle or Krebs’ cycle, since it 
was first described by a scientist named 
Krebs. All the food-staffs are degraded 
to a compound known as acetate which 
combines with Co A and initiates the citric 
acid cycle. When the whole cycle is com¬ 
pleted, foi example, from glucose molecule 
as a fuel, three molecules of carbon dioxide, 
30 molecules of ATP and one molecule of 
wateTarc produced. 

The precise con elation and co-ordination 
of all these reactions require much co-ordi¬ 
nated structural organization. We now 
know that while some enzymes arc located 
in the outer membrane, some in the space 
between the membrane 'and the matrix, 
most of the Krebs cycle enzymes are located 
in the inner membrane, and the final step 
of phosphorylation of linking phosphate 
to the ADP molecule occurs m the elementary 
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particle which contains an enzyme ATPaxe 
for such reaction. 

Biogenesis of Mitochondria 

Three general hypotheses have been 
proposed to explain how new mitochondria 
are formed: (1) De novo (formed a new) 
from precursors m the cytoplasm, (2) from 
other non-mitochondnal membranes, such 
as the nuclear or plasma membrane, (3) by 
growth and division of the pre-existing 
mitochondria. The existing evidences favour 
the third possibility of the origin of mito¬ 
chondria, while the first two have enjoyed 
less favour and the weakest of all is the 
first possibility With the discovery of 
DNA in mitochondria and the presence 
of their own ribosomes, it is most likely 
that mitochondria arise out of other pre¬ 
existing mitochondria through their own 
synthetic machinery. However, nuclear 
control m such a process is not ruled 
out. 


EXERCISES 


1. Mitochondria are sometimes called the power-houses of the cells. Why? 

2. Describe the ultrastructure of a mitochondrion 
3 Explain the process of phosphorylation, 

4. How are new mitochondria formed ? 



Chapter 10 


Chloroplasts 


Chloroplasis arc the most important of 
all the 01 gaudies of the cells Although 
they are found mostly m the cells of green 
plants, all living organisms directly or 
indirectly depend on them for obtaining 
energy. They are the basic life materials 
which are capable of harnessing the light 
energy from the sun to synthesize food 
substances All the gieeneiy of the earth 
is due to chloroplasts Chloroplasts are 
cytoplasmic organelles found in the plant 
cells, Only a few plants like fungi and 
some bacteria are devoid of them. A 
chloroplast is a foim of plastid, There are 
several kinds of plastids Howevei, they 
can be grouped mainly into three types, 
the leucoplasts which are colourless plastids; 
the chromoplasts which contain colours 
cither than the green, and the green-coloured 
plastids known as chloroplasts. 

Chloroplasts are relatively large 01 gaud¬ 
ies and can be readily visible under the light 
microscope even in unstained preparations 
as they themselves are green m colour 
They vary greatly m size and shape from 
species to species. In some algae, they 
are cup-shaped or ribbonlike spirals and 
fill a large part of the cells. In higher 


plants, many chloi oplasts are present m 
each cell, generally as ovoid, lens-shaped 
or disclike bodies In grass leaf cells, 
there may be as many as 50 to 60 chloro¬ 
plasts m each cell, In higher plants, they 
measure 2 to 4 by 5 to 10 p. in size. A typical 
chloioplast is composed of 50 to 60 per cent 
proteins, 25 to 35 per cent lipids, 5 to 10 
per cent chlorophyll, 1 per cent pigments 
other than chlorophyll, and small amounts 
of RNA and DMA. 

Structure 

Chloroplasts (Fig. 10,1) are bounded by two 
membranes, about 300 A 0 in total thickness. 
The outer membrane is similar to the plasma 
membrane, The inner membrane is very 
intricately elaborated to form a system of 
lamellae The inside of the chloroplasts is 
clearly divisible into two parts: (1) the 
embedding, colouiless ground substance 
s( i am a; and (2) tht membrane system made 
up of close d flattened sacs called th ylakoids 
Thylakoids are closely packed into certain 
aieas, like piles of coin s known as gi nna. 
These may be as many as 40 to 60 prana 
per chlor oplast and ..each grnmim —may 
consist of 2 to 100 coinlilce thylakoids. 
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Fig. 10.1 Ultrastructure of a chloroplast from the 


corn leaf 

D — Membranes S — Stror.i 

G — Grana R — Reticulum 


Thylakoids can assume a variety of con- 
figurations m different species of plants. 
It can be simple parallel sacs running length¬ 
wise, or may be in a complex interconnecting 
network of the sacs (Fig- 10.2) The other 
conspicuous feature of chloroplasts is the 
presence of some starch granules which often 
accumulate near a special region known as 
pyrenoid m algae. 

Functions 

The most important function of chloro¬ 
plasts is photosynthesis In the process 
of photosynthesis, radiant energy from the 
sun is utilized by the chlorophyll molecules 
to produce chemical energy and synthesize 
organic compounds like sugar for food. 
Thus, photosynthesis involves actually two 
main processes (1) jah otophosphorylati on, 
i.e., formation of ATP molecules with the 
help of ra diant energy, and (2) utilizing 
this energy (ATP) to couple carbon dioxide 
and water to synthesize glucose. An oxygen 
molecule is also evolved in the process of 
photosynthesis. The first reaction is light 
dependent and cannot occur in dark' Hence, 
,, . 1 ■ ! ori~ The other 

n: . ■ i . y i n light and can 

occur even in dark. It is known as dark 



Fig. 10.2 Three-dimensional structural diagram of the chloroplast. 




CHLOROPLASTS 


49 


reaction. We have already learnt details of these processes in Class XI. 


EXERCISES 


1 Distinguish between the light reactions and dark reactions of photosynthesis. 

2. Describe the structure’ of a typical eukaryotic chloroplast. 

3. What are different types of pfastids ? 

4. Can we consider photosynthesis as a fundamental process of life ? 



Chapter 11 


Centrioles, Cilia and Flagella 


Centrioles appear ais small granules associ¬ 
ated with a mitotic spindle during the cell 
division Centrioles were observed to occur 
m pans situated at the polar ends of a 
mitotic apparatus In typical non-dividing 
cells, there is one pair often located close 
to the Golgi body. Centrioles are cylindrical 
structures, approximately 0.15/t in diameter 
and 0.3 to 0.5 /t m length, This is just the 
| limit of resolution of the light microscope 
and, hence, very little was known about 
their detailed structures until they were 
examined under the electron microscope 
When seen under the electron micro- 
i scope, centrioles have a very characteristic ap- 
i pearance (Fig 11.1). When they occur in pairs, 
each lies perpendicular to the other, Each 
( centnole is made up of nine sets of tubular 
i structures arran'ged in circular fashion 
’’ Each of the nine sets is a triplet composed 
of three mici otubules. Each microtubule 
has diameter of about 250 nm. These triplets 
are embedded m an amorphous matrix 
’ Sometimes, delicate strands appear to con¬ 
nect sets of the tuplets to each other 
and other line fibrils can often be seen 
radiating from the central core of the cylin¬ 
der, presenting in sections a configuration 


similar to the “Cartwheel ” The cartwheel 
structures are not seen in all centrioles, 
In the longitudinal section, fhe cylinder is 
seen as a heavy-walled structure with a 
denser proximal end. 



Fig, 11.1 Diagram of the centriole stiuctuie in 
cross-section showing nine subfibre- 
tnplets and the giant cartwheel pattern 
of five fibres that is sometimes present 

Centrioles are found m all eukaryotic 
cells, except m amoeba, red algae, pines 
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and all flowering plants where flagellated 
cells are absent. Centrioles are involved m 
division. Similar structures when they pro¬ 
duce flagella 01 cilia, they are called basal 
bodies Basal bodies have the_same funda¬ 
mental nine sets of triplet organization 
Basal bodies appeal to be formed de novo 
m the cells It has been shown that like 
mitochondria and chloroplasts, they also 
contain DNA and aie self-perpetuating 
semi-autonomous structures. They may 
also contain some RNA, 

Cilia and Flagella 

Cilia and flagella are specialized surface 
structures which in most cases serve as 
propellers m locomotion of the cells. In 
the cells, which are stationary, they serve 
other purposes like elimination of particles 
or driving food or water currents Flagella 
are long whiplike appendages and may 
he as long as 150 p., while cilia are short, 
with an average length of 5 to 10 microns. 
Cilia occur in large numbers in a cell, while 
flagella are usually very few, only one or 
two per cell The-diameters -of' bo th cilia 
and flagella are less than 0.5 microns. 

Cilia and flagella are structurally similar 
(Fig. 11.2) and arise from basal bodies which 
arelike centualcs The electron microscopy 
has shown that cilia, flagella, basal bodies and 
centrioles structurally resemble each other 
in having nine sets of tubules arranged in a 
cylinder. Unlike centrioles, an additional 
pair of tubules is found in the centre of the 
cylinder and the tubules are “doublets”, 
instead of “triplets”, of centrioles. Thus, 
the pattern of organizations of cilia and 
flagella is 9-+2, instead of 9TO, like that 
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membrane, whereas cilia and flagella are 
bounded by a membrane which is an extern 



Jjlg, 11.2 Electron miciographs of cilia. 

A — Longitudinal section. B and C — Cross-sections 


C Centuole or basal body DP -Ciliary plate.CP -Cilium. 

The biochemical analysis of cilia and 
flagella has shown that the peripheral 
microtubules contain a special type of 
protein called tnbulm, somewhat similar in 
nature to the actin of'the muscle fibre. It is 
believed that a sliding mechanism similar 
to the mechanism of muscle contraction is 
involved in the movement and bending of 
cilia and flagella to effect locomotion of 
the cells. 

The establishment of structural and fun¬ 
ctional similarities of widely different orga¬ 
nelles like cilia, flagella, basal bodies, centri¬ 
oles and sperm tails is one of the great 
achievements of modern biology. 


EXERCISES 

1. Describe the structures of centrioles and basal bodies. 

2. Mention the mam functions of centrioles.- - *- , 

3. State the difference between flagella ‘ahd.:6ilia 1 - 

4. Compare the 'ultrastructure of a cilium with jtljat of a centriol 

V, - ■ 



Chapter 12 


Interphase Nucleus 


A cell which is not in the process of division 
is ^ lcnom _as—thG - interpbase ce ll, Every 
eukaryotic ceil at interphase contains a 
highly specialized region — a nucleus The 
cells without nuclei cannot suivive long 
The mammalian red blood cells live only 
for few months smqc, they ..d 0 .mat. 4 iQsss.sji 
nuclei. . Cells or unicellular organisms like 
Amoeba or Ace tabular ia from which nuclei 
were experimentally removed were unable 
to survive for long unless new nuclei from 
other such cells were transplanted. Thus, 
nuclei are essential^ for the survival" and 
long-term"continuation ofthe cells. Further, 
the 'lelds “’without nuclei cannot undergo 
regular division and cannot differentiate. 
Hence, the interpha se nucleu s has three 
mainl'unctior is; ^rnmintenanceAcell replM 
'coritro 1,of the cytoplasrmc'acfN, 
vity ~liosF of these ftmctionTare asserted 
because the nucleus contains DNA and 
produces all the cellular RNA necessary for 
protein synthesis. 

The major chemical composition of the 
nucleus is 9 to 1 2 per cent TYMA. 5 per cen t 
RNA, 3 per cent lip id, jj jper cent basic 
prntemsnn d about 65 per cent other pron-m a 
Most of the RNA made in the nucleus 


rapidly moves out into the cytoplasm 
Nuclei also contain some enzymes, such as 
polymerases, for the synthesis of DNA 
and RNA. 

The nucleus is separated from the cyto¬ 
plasm by the nuclear envelope. Within 
the nucleus at interphase (Fig-121), there is 
heterogeneous distiibulion of chromatin mate¬ 
rial. The chromatin mateual includes euchro- 
matin and heterochromatin. During the 
cell division, rodhke bodies, called chromo¬ 
somes, are formed by tight coiling of the 
chromatin fibies. The euchromatic state 
of chromatin is the uncoiled state, while 
the heterochromatin state is a little more 
compact coiled state of chromatin "and, 
hence, gets darkly stained if stained w ith 
rproperdyes. 

The chromatin fibre can be considered as 
a basic structural unit. A metaphase chromo¬ 
some of eukaryotes as well as some typical 
chromosomes like pol ytene chromosomes 
found in the sal ivary gla nd cells ofj ome 
flics an d lampbrush chromosomes foun d 
lii o ocytes of am ^IEIanLcanJr e-cnnsidered 
as morphological v ariants associated cithei 
with the state in the cell cycle or the state 
of differentiation of cells. 
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It is now well established that a chromatin 
fibre consists of a c ontinuou s. lin^f DNA 
duplex strand associated with basic proteins— 
h istones, no n : hhtone acidic or neutral pi oteins, 
a small amount of RNA and some enzymes 
suc h os nN'A and RNA polymerases. Ho w 
all these are involved in a chromatin structure 
and function is no t yet very clear, but 


currently a lot of work is being done on 
this aspect. 

Another most important component of 
the nucleu s is nucleolus. Every cell nucleus 
may possess one or more nucleoli. The 
nucleolus is a rounded body without a 
dirrrmndmg membrane. It is especially 



are seen. 
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rich m RNA and p roteins It is now well 
established that nucleoli contain DNA whose 
mam’function is to form precursor RNA for 
the formation of ribosomes. Some chrom o¬ 
s omes have specific sites, called j aifikolax. 
or ganiser regions, which give rise to the.m iGz- 
l eoli 'during— the—interphase In elect¬ 
ron micrographs, nucleolus shows at least 
two different zones—granular and fibrillar. 

The structure of the ‘nuclear envelope’ is 
of great interest for nuclear-cytoplasmic 
interaction Under the electron microscope, 
the nuclear envelope appears as a flattened 
sac, more like the membrane of the endo¬ 
plasmic reticulum. The outer surface of 
the nuclear membrane may even contain 
ribosomelike granules, while the inner 


surface is smooth. One of the distinctive 
features of the nuclear envelope is that it often 
contains a large number of pores (Fig.12 2A) 
The pores may be roughly circular or poly- 
.gonal, haying diameter of about 500 A 0 to 
.800 A 0 (Fig 12 2B). The pores are not simply 
holes in the membranes since substances do 
not pass through them easily although they 
may represent areas of macromolecular ex¬ 
changes between the cytoplasm and the 
nucleus. 

During the cell division, the membranes 
of the nuclear envelope break up into frag¬ 
ments. It has been suggested that some 
of these fragments are re-used in the forma¬ 
tion of new nuclear envelopes in the daughter 
nuclei after the cell division, 



Fig. 12 2A Election micrograph of the nuclear envelope showing numerous pores 



INTERPHASE nucleus 



Fig 12,25 Diagrammatic sketch of the nuclear envelope. It shows the upper surface with nbosomelike 
particles and different kinds of pores 

In the prokaryotic cells like bacteria, there the nuolfflis-roainlv fnclhfi- MirPose of trans - 
are no well-formed nuclei possessing nuclear c tint ion , while the cytoplasm performing 
membranes. In th e proka rvntin system the fu nction of translati on (refer to chapter 
tra nscription arid transl ation form ? -gnu- 16) Although the nucleus is the organelle 
ti auous process. In the eukaryotic cells controlling most of tthe cytoplasmic activh 
somehow in evolution the processes of ties, it cannot exist by itself. The cytoplasm 
transcription and translation have been and the nucleus must interact in ordpr to 
separated in two different compartments— maintain the integrity and life-of the cell. 


EXERCISES 


1. Describe the role of the nucleus in the nudeocytoplasmic interaction. 
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2. Discuss the ultrastructure of a Duclear envelope- 

3. Describe the structural organization of a typical eukaiyotic chromosome. 

4. Discuss the functions of a nucleolus. 

5. Explain how the so-called resting stage—interphase—is the most active stage 
of the cell cycle. 



Chapter 13 


Enzymes and Regulation 


We are familiar with the baker’s yeast. It 
is an aggregate of single cells. Yeast can 
thrive well m a medium containing only 
glucose. But the yeast cell is not all 
glucose, It is constructed of many kinds 
of molecules, most of which are far 
more complex than glucose, e.g.. fats and 
proteins. Hence, it is obvious that the yeast 
cell somehow knows the secret of trans¬ 
forming glucose into some other molecules. 
Indeed, one of the greatest triumphs of 
biochemistry is the unravelling of this secret 
by which glucose is chemically convened 
into a large variety ot molecules necessary 
to construct and maintain the cell integrity. 
These chemical changes do not occur m a 
single step; instead, the process is like an 
assembly-line as shown below: 

4 enzyme 1 n enzyme 2 n enzyme 3^ ^ 

These stepwise reactions are under the 
regulation of organic catalysts called enzymes. 
An enzyme js a protein which can enhance 
the efficiency of a biochemical reaction 
Each step in the synthesis or degradation 
of a molecule is catalyzed by a specific 
pnzyme. In fact, life functions are pot 


possible without enzymes. 

In the case of enzymes, the overall function 
depends uot only on the kind and amount 
of enzymes present but also on their activity, 
Activity is determined by many factors, 
including the presence of a substrate, product, 
hormone and some other molecules. The 

t 

activity of enzymes may vary from one-cell 
type to another. We will study some of 
these m this chapter. 

Chemical Nature of Enzymes 
All the enzymes so far puiified and 
crystallized aic pioteinous in chaiactcr. 
Some enzymes do have a metallic or non- 
metallic component, prosthetic group, but 
protein forms by far the great bulk of an 
enzyme. Proteins are made up of amino 
acids, of which there are 20 different kinds. 
Each amino acid molecule has a carboxyl 
(CQOH) group and an ammo (-NH 2 ) 
group. The carboxyl end of one amino 
acid unites with the ammo end of another to 
form what is known as a peptide bond. 
Thus, many amino acids can link together 
to form dipeptides, tripeptides and 
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polypeptides. A protein molecule is compo- chemically bonded to each other. In other' 
sed of one or many peptide chains. A protein cases, the coenzyme is combined only 
molecule has at least 200 to 300 peptide briefly with the enzyme In either case, 
linkages. Most of the enzymes are large the piesence of the coenzyme is needed 
molecules containing hundreds of amino before any catalytic activity takes place, 

acids and more than one peptide chain. Coenzymes may also work by removing 

The' peptide bonds holding the amino one of the products of the catalyzed 
acids together m a particular sequence ieac t lon . A chemical analysis of the 
constitute the primary structure of proteins, smaller coenz ymes has shown that th ey 
Portions of the peptide chains of some often contain a vitamin a s part of the m ple- 
protems prove to be twisted into a helix, a cu j e . This has'lerhToTEeldea^thaTsome 
structuie that is probably stabilized by the vitamins serve' as coenzymes. This would 
hydrogen bonding from one amino acid to explain why the absence of certain vitamins 
another, in turn, below it. Such a helical causes extensive physical defects in the 
arrangement constitutes the secondary oigamsm. The enzyme which works with 
structure of these proteins. The individual the vitamin-based coenzyme cannot work 
peptide chains are further extensively coiled by itself. Therefore, an entire series of 
into spherelike shapes with the hydrogen important physiological reactions may be 
bonds between the amino and carboxyl^blocked. It also explains why only a small 
groups and various other kinds of bonds' supply of vitamins is sufficient to fulfill the 
cross-linking one chain to another and requirements for good health. Like enzymes, 
stabilizing the tertiary structure. It is pre- coenzyme molecules must be replaced only 
sUtned that the protein shape is almost from time to time, at a relatively slow rate, 
completely determined by the kind and 


arrangement of the amino acids present, 
because the coiling and folding must result 
when the'se come into proper contact at 
points where cross-bonding can occur. 
Proteins function in living organisms both 
as enzymes and as structural elements. The 
ability of proteins to carry out specific 
reactions is the result of their primary, 
secondary and tertiary structure. 


Mode of Action 

Enzymes combine with substrates before 
yielding the products of the reactions they 
catalyze. In other words, the enzyme and 
substrate form an intermediate complex 
before decomposition of the substrate can 
occur (Fig. 13-1). It is a two-step reaction 
as follows: 


Some enzymes require another organic 
substance in the medium m order to function 
properly. In a few cases, enzymes actually 
consist of two molecular parts. One of 
these is protein, called apoenzyme. The 
other molecular pa rt is a smaller,^ jon- 
pfetettr— mnlecule . This smaller molecule 
is ca lled coenzy m e. Its name signifies that 
it works with themain itpoenzyrne molecule 
as a co-worker in bringing about a reaction. 


1. Enzyme+substrate i= 

enzyme substrate complex 

2. Enzyme substrate complex= 

enzyme + product substance 

There are also certain enzymes which 
merely join two molecules together. 

How do enzymes work ? The existence of 
the very phenomeno'n of specificity argues 


The two molecular parts in this case are for the fact that the enzyme must be 
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combining with the substrate molecule m order 
to act. Presumably, this combination works 
as lock and key (Fig. 13 2A). If (he light 
key fits into the right lock, the lock can be 



Fig 13.1 Formation of enzyme-substrate complex 
during enzyme action 


opened, otherwise not. Of particular impor¬ 
tance is the idea that molecules have specific 
geometric shapes (Fig. 13 2B). P/oteins aiS 


sh apeprojqdes. suriai^TiQ .nfigtt ratipiis__into 
whiclTother molecules can fit. 1 he molecul es 
which^are acted u 
called substrates of the enzymes . It can 
be gSerT'That''onIy rr slib s t r a t ? molecule 
with the pioper geometric shape can fit 
into the active site of the enzyme. However, 
under certain conditions some other mole¬ 
cules very similar to the substrate may also 
combine with the active site of an enzyme. 
In such an event, such molecules may 
compete with the substrate and the reaction 
may stew down oi stop Such substances 
are called competitive inhibitors, since 
•they act to prevent the production of a 
substance (Fig. 13 2C). There is a good deal 
of experimental evidence to support the idea 
that enzymes do work in the manner 
indicated by the lock-and-key analogy. 




ACTIVF SITE 



KEY 

(ENZYME 

MOLECULE) 



PADLOCK ENZYME SUBSTRATE KEY 

(SUBSTRATE COMPLEX (ENZYME 

MOLECULE) MOLECULE) 


PRODUCTS 

Fig. 13 2A. Key-and-lodc model to understand enzyme-substrate interactions. 




ENZYME4-SUBSTRATE-»ENZYME SUBSTRATE COMPLEX-♦ENZYME+ PRODUCTS OF 

REACTION 

Fig. 13.2B Schematic representation of the interaction of enzymes and substrates, 
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ENZYME , MALONIC ACID 
MQLEOJLE T MOLECULE 


STABLE ENZYME MALONIC ACID COMPLEX 
SUCCINIC ACID BLOCKED FROM ACTIVE 
SITE 


Fig 13.2C Diagrammatic representation of competitive inhibitions. 


Nomenclature and Classification 

Different systems of classifying enzymes 
ate known but the tecent and widely accepted 
classification is based on their chemical 
activity. Individual enzymes, except for a 
few, and groups of enzymes are named by 
adding the suffix ase to the name of the 
substrate on which they act. There are 
hydrolases which hydrolyze larger molecules 
into smaller ones. Proteimses break up 
proteins into smaller ammo acid molecules, 
amylases break up starch into sugar, sucrase 
b'sales up sucrose into glucose and fructose, 
'ipam break up fats into glycerol and fatty 
.tcid), and nucleases break up nucleic acids 
into nucleotides. 

Th- affix ase indicates that the compound 
is an enzyme. Other enzymes, such as 
tripsin, end with -in, This signifies that 
tb’y, like all enzymes, are proteins. Enzymes 
ending in -in were discovered and named 
before an international ruling was made 
m favour of the -ase ending However, few 
enzymes have been renamed, e.g., salivary 
enzyme pty aim is now called salivary amylase. 
Enzymes are also named after the compounds 


they attack. Thus, peptides are attacked 
by peptidases; peroxides by peroxidases; 
lipids by lipases; ester linkages by esterases; 
hydrogen atoms are removed by dehydro¬ 
genases, and so on. 

Factors which Affect Enzyme Activity 
Temperature 

Being proteins, enzymes may be completely 
denatured at high temperatuies. In other 
words, at a certain temperature, an enzyme 
carries out its catalytic activity m such a way 
as to allow the reaction being catalyzed to 
proceed most rapidly. This should not be 
taken to mean that the faster a chemical 
reaction proceeds, the more efficient the 
reaction is. Efficiency in this case refers 
to the number of collisions the enzyme is 
making with the molecules of the substance 
on which it carries out its activity. 

The effect of a slight temperature change 
upon the activity of an enzyme brings up a 
point of considerable biological significance. 
An organism’s metabolic chemistry may 
speed up or slow down as a result of a slight 
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change in body temperature. Some animals, 
such as mammals, maintain a fairly constant 
body temperature despite great fluctuations 
in the external environment. Therefore, 
their metabolic rate is relatively independent 
of the externa! temperature. Other animals, 
such as fishes, amphibians and reptiles, have 
body temperature which rises and falls m 
close correlation to the outside temperature. 
Such animals musL remain inactive during 
certain times of the year when the tempera¬ 
ture falls below a certain level. Furthermore, 
they may even die if the temperature, as an 
enzyme inactivating factor, rises to a certain 
point. 

Hydrogen ion Concentration (pH) 

Changes in pH can cause denatuiation of 
the enzyme moleeule.resultmginthereduction 
of activity. However, this does not appear 
to be the major effect of pH on the enzyme 
catalyzed reactions. Typically, an enzyme 
will have an optimum pH, but a shift to the 
alkaline or acid side causes impairment 
of the activity. We can also infer that 
different enzymes have different pH optima/? 
(Fig. 13.3). 



Fig. 13.3 A giapli showing pH dependency of the 
enzymes. 

Enzyme Concentration 
Au increase in the enzyme concentration 


would increase the rate of reaction. If 
sufficient substrate is present, doubling the 
enzyme concentration usually causes a two¬ 
fold mcieasc in the rate 'of reaction. 

Product Concentration 

New substances arise by the interaction 
of the enzyme-substrate complex, but with 
the increase in the product concentiatior., 
the rate of reaction falls because the enzyme 
must be freed to combine with the other 
set of molecules. 

Substrate Concentration 

An increase in the substrate concentration 
will increase the number of molecules m 
the immediate vicinity of the enzyme's 
active sites and, as a result, increase the 
chance of a substiate molecule coming m 
contact with an. active site. 

Isoenzymes 

It was believed that only one enzyme could 
act on a given substrate However, it is 
now realized that enzymes slightly different 
in molecular structuie can also peiform 
identical activities. Such enzymes are known 
as isoenzymes. 


There aie more than 100 enzymes which 
aie known to exist as isoenzymes. One 
of the best known examples of isoenzymes 
is lactic dehydrogenase (LDH) which cata¬ 
lyzes the reaction of pyruvate to lactate. 
Them are five or more I DTI isoenzymes 
which slightly differ in their physical pro¬ 
perties and ammo acid sequence." The 
relative proportions of these isoenzymes 
are characteristic of each tissue and ot 
each stage of its differentiation. 
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Regulation 

One of the striking characteristics of 
living (organisms) systems is that they 
function in a coordinated manner despite 
their high degree of complexity. One 
wonders at the masterly regulation of the 
multitude of reactions that go on simulta¬ 
neously in a cell How is such precision 
achieved 9 What are the controlling 
mechanisms 1 Mainly, there are two types 
of such control mechanisms operating 
within a cell : one at the enzyme level 
where the enzymes, substiate and product 
themselves are involved in such regulatory 
process, and the other at the „ genetic level 
where the genes regulate the enzyme 
" production. 

At the Enzyme Level 
It is well known that when certain meta¬ 
bolites accumulate in a cell, they inhibit 
their own production, This kind ,of control 
mechanism is known as feedback inhibition. 

This control mechanism is analogous to a 
refrigerator thermostat which regulates tem¬ 
perature by turning the switch off and on 
in response to fluctuations in the temperature 
inside the refrigerator 
The completion of overall biochemical 
reactions in living cells involves a number 
of intermediate reactions As few as two 
or three or as many as thirty or forty 
reactions may make up a series leading to 
the synthesis or degradation of a specific 
compound, since all these steps are enzy¬ 
matically controlled, If even one of "these 
enzymes is affected, inhibited or destroyed, 
the entire series of reactions will be affected 
This may bring about far-reaching effects 
and even the death of the cells, the tissues 
or the organism itself. 

An excellent example of such a control 
has been demonstrated in Escherichia coh 


in the synthesis of amino acid-isoleucine. 
When the threshold level of isoleucine 
accumulates in the cell, the bacterium stops 
its further synthesis. It was found that 
the excess o f isoleucine inhibits the acti vity 
o f the enzyme called threonine dea minase 
which catalyzes the first step of the reacton, 
chain leading to the production of lsoleucjne) 
This type of metabolic control, where the 
first enzyme of a sequence is inhibited by 
the end-product, has been termed end- 
product inhibition or, more technically, feed¬ 
back inhibition. 

i 

Threonine 1 — 2 — 3— 4 — isoleucine 

L Threonine- . 

deaminase 

T 

I——-— inhibits- 

This type of control is similar to the auto¬ 
matic feedback circuits used in most of the 
electronic devices „ 

Ai the Genetic Level 

DNA is the master molecule which con¬ 
trols the synthesis of proteins as shown in 
the following diagram. 

transcription 

DNA-i-m-RNA 

I ' 

| translation 
ribosomes-^protein 

t 

t RNA 

(carrying amino acids) 

We know that proteins are the end-pro¬ 
duct of the gene function. This enables us 
to work backward to pinpoint the gene 
An a\%rage-sized protein molecule contains 
approximately 500 ammo acids. For the 
selection requiring of each of these, a triplet 
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of three bases is required. Thus, for such 
a protein, the gene is a portion of the DNA 
molecule containing 1 500 base pairs 

With - the evidence firmly supporting the 
replication of all the genetic material during 
the cell division, it is evident that each cell 
of a living organism contains the same 
complement of genes. The question then 
arises: What makes those cells different? 

It seems evident that some selective mecha¬ 
nism must control the genes, allowing some 
to function and restraining the others. The 
growth of a plant or an animal is basically 
determined by its mechanisms for switching 
the genes on and off in orderly sequence. 

How protein synthesis is controlled was 
suggested by'two French scientists, Jacob 
and Monod, who were awarded the Nobel 
prize for their postulation. They proposed 
that a set of structural genes (e.g , A, B, C, 
.etc) are controlled by an operator gene 
0(Fig. 13.4). When the operator is switched 
off, no mRNA is formed, and no protein 
synthesis takes place. When the operator is 
switched on, RNA is transcribed in the DNA 
and protein synthesis begins.This switching off 


and on of the operator is controlled by a 
regulator gene, R. The signal fro m th e 
i reeulator-to-the-oncKit orTs mad e_b.v-means 
of a su bstance calle d rep/essor, which is 
produced by the regulator. The repressor 
combines with the operator and shuts off 
the transcription, thereby the system remains 
in the switch-off position. However, when 
certain metabolites, the i nducer, are pre sent, 
they co mbine with tj ifiuuprossor-and'-prievcirt 
it i from inactivating the operator. In this 
situation, the geneffc systemretums to the 
switch-on position and protein synthesis 
proceeds. 

The gene control system may also be 
operative in multicellular organisms. The 
proteins of chromosomes in eukaryotes 
seem to be the regulators of the gene action. 
It is not unlikely that other kinds of regulator 
substances may also exist. The chromoso¬ 
mal proteins, m turn, may be under the 
control of small molecules like auxin and 
hormones, coming from outside the cell. 

Thus, we can well understand that meta¬ 
bolic processes in living systems are very 
complex, yet each process is regulated and 
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Fig. 13.4 Schematic representation of the Operon concept for the gene regulation and 
production of protein molecules 
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coordinated in ordei to maintain the living 
state. Our knowledge, is still m a very 
incomplete stage but we are confident that 
as our understanding of these processes of 


cells incieases, so will our ability to 
control and modify them. And tins 
precisely is the secret of life we want to 
unravel. 


EXERCISES 


1. What are enzymes? Discuss their usefulness in life processes. 

2. Discuss the mechanism of action of enzymes. 

3. What are the limiting factors in the proper working of enzymes ? 

4. How enzyme actions arc regulated? 

5. What is the function of an enzyme dehydrogenase? 

6. Name three properties common to all enzymes. 








Chapter 14 


Physical and Chemical Basis 
of Heredity 


Cells were first seen as small chambers in 
thin slices of cork and other plant materials 
by Robert Hooke in 1665. But it was not 
until 1831 that the nucleus was discovered 
in plant cells by Robert Brown. Since then, 
the nucleus has been recognised as the most 
important organelle of the cell. Now, it is 
well established that the nucleus is the 
storehouse for all hereditary information and 
is the control tower of all metabolic functions 
of the cell. 

A typical cell usually contains only one 
nucleus, but there are cases (as in fungal 
mycelia) where more than one nucleus are 
found in a cell, The nucleus remains suspen¬ 
ded m the cytoplasm. In young cells, it 
occupies a central position but as the cell 
matures, its nucleus is pushed to one corner 
by the enlarging vacuole (Fig. J4..1). Nuclei 
are usually oval or spherical, but they may 
be elongated (as in muscle fibres), lobed (as 
in human neutrophil cells), branched (as in 
the silk spinning cells of insect larvae), or of 
variable shape (as in leucocytes) (Fig. 14.2). 
The shape and size of the nucleus determine 


its surface area which is in contact with the 
cytoplasm. 

It was Strasburger who, in 1873, suggested 
that nuclei arise only from the pre-existing 
ones and not de novo. The fact that the egg 
and the jpernwiuclc^^ 
ferj^hz ^i^ \va^~irKlcpendcntly establishe d 
by Hertwig'(l 875)~and Van BenedeiT(TB73). 

It was against this background that Weis- 
mann (1883-1885) proposed his theory of the 
continuity of germnlasm . which states that 
‘heredity is brought about by the transference 
from one generation to another of a substance - 
with definite chemical, and above all, mole¬ 
cular constitution*. He called this Substance 
germplasm and eqe ted it with a iluclear 
substance that is passed on from one gene¬ 
ration to another. 

It was soon realized that the eggs of a given 
species are much bigger than the sperms, and 
this difference is mainly because they possess 
different amounts of cytoplasm.' Their 
nuclei are of the same siz^ The same is true 
of male and female gametes of plants. The 
genetic contributions of both male and 
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Fig 14.1 A young cell with a nucleus in the centre (left) and a mature cell showing the nucleus pushed to 
one side due to the enlarged vacuole {right) 



Fig 14 .2 Different shapes of the nucleus A Elongated in a muscle fibre B Lobed in a human neutrophil 
cell C Branched in a silk spinning cell of an insect larva D 1 to 4 of variable shapes ,in leu¬ 
cocytes 






female parents are equal, indicating thereby 
that it is the nucleus and not the cytoplasm 
that is the carrier of hereditary information 
The experimental evidence for this fact was 
provided by Boveri’s experiments (1889) on 
soa urchins. He fragmented the eggs of sea 
urchins by shaking until they broke into two 
pieces, one with and the other without a 
nucleus Even the enucleated part of the egg 
could be fertilized and made to develop, 
suggesting thereby that the egg and sperm 
nuclei are essentially similar in their heredi¬ 
tary contributions and that the sperm nuclei 
possess all the hereditary information requir¬ 
ed for growth and development When the 
enucleated and nucleated egg pieces were 
fertilized by the same type of sperms, the 
larvae produced from the enucleated eggs 
had only paternal characters, whereas those 
produced from the nucleated eggs had both 
paternal and maternal characters. The 
differences between the two types of larvae 
were due to the absence or presence of the 
egg nucleus Thus, the nucleus has a definite 
role in _J)i^trSSmisSten - orcR^n6ters from 
one gen eration to a nother! Eoveri’s conclu¬ 
sions gfimed more 'support from experiments 
on amoeba, algae, amphibians and a vauety 
of other organisms The enucleated portion of 
Amoeba proteus gradually becomes inactive 
and unresponsive to external stimuli and 
ultimately dies. It is unable to initiate a 
contractile vacuole but can maintain one If it 
is included in the enucleated half. On the 
other hand, the nuclear portion remains 
responsive to its environment, forms a new 
contractile vacuole if the original one is 
removed, grows, ingests food and, m due 
course, divides to form two daughter cells. 
Activity of the enucleated portion is restored 
to normal if it is renucleated These experi¬ 
ments show that a cell cannot survive without 

Bg 14 3 Summary of the grafting experiments with 
AccUtbuluua , to prove ihut the here¬ 
ditary eharaeieis are determined by the 
nucleus and not by the cytoplasm 
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a nucleus and its survival, growth and re¬ 
production are controlled by the nucleus 

The role of the nucleus in heredity was 
firmly established by the grafting experiments 
of Hammerling (1953) with the unicellular 
green alga Acetabulana (Fig. 14 3). The body 
of this alga is about six centimetres long and 
is differentiated into a foot, a stalk and a 
cap. The cap has a characteristic shape for 
each species and is easily regenerated if 
removed. The single nucleus is situated in 
the rhizoid portion. A. crenulata has a cap 
with about 31 rays, the tips of which are 
pointed, but A mediterranea has about 81 
rays with rounded tips. If the cap, stalk or 
even the nucleated portion of the rhizoid is 
removed, the remaining portion has the 
capacity to regenerate into a whole plant. 


The enucleated part looses the regeneration 
capacity aftei a few decapitations, but the 
nucleated portion always maintains this 
ability. When the stalk of one species is 
grafted on to the nucleated rhizoid of the 
other, an intermediate type of cap is formed. 
On decapitation, a second cap develops 
which resembles the cap of the species which 
provides the nucleus. When the nuclei of 
both the species are present in the same 
cytoplasm, an intermediate type of cap 
develops. Such experiments prove beyond 
all doubt that the nucleus is the storehouse 
for, and the control tower of, all hereditary 
information 

An enucleated and unfertilized egg of a 
sea urchin can be stimulated to divide without 
fertilization by immersing in a hyper¬ 
tonic solution, but it soon stops to divide and 
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Fig. 14.4 Part of a typical cell showing an interphase nucleus and the continuity of the nuclear envelope 
with the cytoplasmic membranes. 
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degenerates Thus, the presence of the 
nucleus is essential for a continued and piopcr 
functioning of a cell The cell cytoplasm is 
unable to survive and differentiate for long, 
in the absence of its nucleus At the same 
time the nucleus without its cytoplasm is 
unable to survive 

The nucleus is surrounded by a nuclear 
envelope. Election nucioscopy has reveal¬ 
ed that this envelope is a double-membraned 
structure and has pores which are about 
500A°m diameter (Fig. 14.4). The space 
between the two membranes is known 
as the perinuclear space or cistcrna The 
outer membrane of the nucleai envelope is 
at places continuous with cytoplasmic mem¬ 
branes It is through the pores that the 
cytoplasm communicates with the nucleo¬ 
plasm (also known as nuclear matrix, nuclear 
sap or karyolymph) In the living cells, the 
nucleoplasm appeal s to be homogenous but 


on staining with certain dyes, many structures 
become visible The most obvious amongst 
these is the knotted threadlike chromatin 
network which takes up alkaline stains. 
Sometimes, the chromatin netwoik is not 
wisibie and only chromatin granules can be 
seen instead Each nucleus contains at least 
one, and often more than one, nucleolus 
(pi nucleoli) which is usually spherical, dense 
and rich in proteins and ribonucleic acid. 
This org anelje was first seen h w—Wagner 
(1840) an d tanned nu cleolus by Bowman 
(1840) Tfie nucleolus iTlilwaywftached to 
one of the threads of the chiomatin network 
(Fig 15 5) Ribosomes also have been found 
in the nucleoplasm During the nuclear 
division, the chromatin network condenses 
and coils and the long threads gradually 
become shoit and thick These darkly 
staining rodlike structures were called 
chromosomes by Waldever 0888) and were 



Fig 14,5 A nucleus with its nucleolus attached to specific regions on chromosomes. 
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firstjeenj yy Hofm &rster (1848) 

Well-defined nuclei and chromosomes are 
present in the eucaryotic cells. Procaryotes, 
like bacteria and blue-green algae, have 
diffuse nuclei (nucleoides) which do not have 
nuclear membranes, although their nuclear 


number of chromosomes. The chromosomes 
matntain their individuality even during the 
stages when they are not apparently visible. 

Gametes are produced as a result of two 
successive divisions of a somatic nucleus and 
as a result of this process each of the daughter 



Fig 14.6 Procaryotic (.left) and Eucaryotic (right) cells showing differences in their cellular organization. 


material is aggregated and can be made out 
clearly from the surrounding cytoplasm 
m an electron microscope (Fig. 14,6). 

The process of ferti lization in p lants and 
amsiii»r nl which—maternal and paternal 
nuclei fuse, was discovered by Hertwig in 
j the~gnm c t i mc - Vau Dcnc rief? 

observed in thread worms that the egg and 
sperm nuclei contain only two threadlike 
structures each, while the fertilized egg 
contains four such structures. The nuclear 
division of the' somatic cells was termed 
Mitosis of equat i ons. 1 d i vision by Fl e mming 
m 1882, who bad , also observed that just 
v '5eTWfTKi division of cells, each chromo¬ 
some divides longitudinally into two half 
chromosomes which separate and go to the 
two daughter nuclei. Thus, the parental as 
well as the daughter cells possess the same 


cells possesses half the number of chromo¬ 
somes as compared to the parent cell, 
Detailed studies of this type of nuclear 
division were carried out by Winiwarter 
(1900) in rabbits, and Kariper and M porg 
(1905) c oined the term ‘meiasi s* for this type 
o f reductions ! division. Tt occurred to Sutton 
as well as to Boven in 1901-1903 that there 
is a remarkable _ similarity of behaviour 
between the characters during inheritance 
and the chromosomes during reproduction. 
Maternal and paternal characters blend in 
the progeny and later on seggregate during 
the formation of gametes Similarly, the 
chromosomes from two parents come to lie 
m the same zygote as a result of the fusion of 
gametes and again separate as a result of 
meiosis at the time of the formation of game¬ 
tes (Fig. 14.7). Th is led Sutton and^ Jteverl- 
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Fig 14 7 Life cycle of a com plant indicating the stages when meiosis and fusion occur, resulting in the 


alternation of haploid and diploid phases. 

to pro pose that chromo so me,s - are b eaters of 

he reHItarTMact o rs _which— determ ine the 

chajautersLflf individuals. 

Since the nuclei and chromosomes are 
concerned with the inheritance of characters, 
it is important to know about their chemical 
constituents so that the molecular basis of 
heredity can be understood. The chemistry 
of nuclei can be studied easily because they 


can be separated from other cell components 
by simple chemical and physical techniques. 
Some staining reactions can also be used to 
determine the kind and distribution of 
chemicals that are present in the nucleus and 
its various organelles. Some of the chemical 
con stitue nts o f the nucleus- can-be-deiermined 
.Jjy—ultra-viold — nr_ ■fliiaTP.srcnt mi rrnsmpy 
Such studies in the last ceutuiy, have 
shown that nuclei contain the following 
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components: 

1. Deoxyribonucleic acid (DNA). 

2. Ribonucleic acid (RNA) 

3. Lipids. 

4. Basic proteins (either histones or 
protamines). 

5. Complex proteins, including enzymes. 

6. Some phosphorus containing organic 


components 

7. Inorganic components like salts. 

Of these, nucleic acids are the unique cons¬ 
tituents of the nucleus and are not found m 
appreciable amounts m the cytoplasm. 
Nucleic acids were discovered in 1869 by a 
Swiss biochemist, Friedrich Miescher. He 
isolated the nuclei of pus cells and, on 



- Fig 14,8 Chemical structures of bases, sugars and phosphates that are the building blocks of nucleic 
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Tig. 14.9 Chemical structure of a nucleoddo and a nucleoside. 


chemical analysis, found that they contained 
a chemical the properties of which were unlike 
those of the then known organic compounds, 
like carbohydrates, proteins and lipids. 
Since the new compound was isolated from 
nuclei, Miescher called it nuclein. Later on, 
it was called nucleic acid due to its acidic 
properties. By 1940, it was clear that nucleic 
acids are of two types: deoxyribose and 
ribose, depending on the type of sugar they 
have. Ribosenucleic (or simply ribonucleic) 


can be broken up into its various components 
by hydrolysis. Complete hydrolysis yields 
purine and pyrimidine bases, sugar and 
phosphoric^ acid, Partial~hydroly$is yields " 
smaller polynucleotides, nucleotides and 
nucleosides (Fig. 14.9) A nucleoside co ntains-, 
a nitrogenous base attached t p_iLjB£oiQffe 
>noar mnlffcnieTT4u5e5ides _are phosph oric 
eSets-ofjau^leQsides. The linkage between 
adjacent nucleotides is of ester type in which 
the 5' and 3' hydroxyls of two adjacent 


have. Kioosenucieic ior simpiy rioouumciu; ^ ~ **-■-- - - . 

acid is fornTdlnTh-e-rmrlroplasm as welj^ sugars form a double ester with Phosphoric 
in. thfi^Sai^rag acids are macro- acid (Fig. 14.10). Such an end-to-end oimng 
molecules ^d polymers of nucleotides, of nucleotides results in a polynucleotide. 
Each nucleotide consists of fiveliim A nucleotide of DMA is composed of a 
and a —deoxyribose sugar, phosp ate an one o 

base (Fig. 14,8). Pu rines and pyrim idines following four bases: 

are ni trogen-co ntai ning organic .en mpouads. cytosine, and thymine. \ n e 

Nddeic acid, polymers or polynucleotides, on the other hand, consists of a ribose sugar, 
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Fig. 1410 Phosphodiester bonds that link nucleotides to form a polynucleotide 
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phosphate and one of the following four 
bases: adenine, guanine, cytosine, and uracil. 
Of the five bases of nucleic acids, adenine 
and guanine are purines whereas thymine, 
cytosine and uracils are pyrimidines, Thus, 
besides its sugar, RNA differs from DNA in 
having uracil instead of thymine. 

In 1950, Erwin Chargaff estimated the 


its chemical, physical and biological proper¬ 
ties. They suggested that each DNA molecule 
consists of two polynucleotide chains which 
are helically coiled around a common axis. 
The two chains are held together in position 
due to covalent hydrogen bonds between 
their paired bases, Adenine of one poly¬ 
nucleotide chain pairs with thymine of the 


TABLE 14 1 


Base Composition of DNA Extracted from Various Organisms 


Source of DNA 

Purines 

Pyrimidines 

Per cent 
(G+C) 

Per cent 
(A+T) 

Adenine 

Guanme 

Cytosine 

Thymine 

Yeast 

31.3 

18.7 

17.1 

32.9 

35.8 

64.2 

Human sperm 

31.0 

19 1 

18.4 

31.5 

37.5 

62.5 

Salmon sperm 

29.7 

20,8 

20.4 

29 1 

41.2 

58 8 

Wheat 

27.3 

22.7 

22.8 

27.1 

45.5 

54 4 

Bacterium E colt 

26.0 

24.9 

25.2 

23.9 

501 

49 9 

Tuberculosis bacterium 

15.1 

34.9 

35.4 

14.6 

70.3 

29.7 


relative amounts of various bases in DNAs 
that were extracted from different sources 
(Table 14,1) He found that regardless of the 
source of DNA, t he m e 
al ways equalled that of thvmin e.iBecause of 
tHrsrelationship, the concentration of purines 
in the tissues was always the same as that of 
pyrimidines. But DNAs extracted from 
different organisms showed variations in 
absolute quantities of purines and pyrimi¬ 
dines, which is the characteristic of a given 
specie^ Wheu DNA from various tissues 
and organs of the same species was analysed, 
its composition was found to be the same, 
X- ray diffraction pattem s- of DNAs isolat- 
ecfTfom various organisms were found to be 
esse ntially the same bv Wilk ins, Frank-lin, 
andTis tburv- It also suggested that the DNA 
motgcuIeTs helical rather than linear, In 
1953, Watson agd Crick proposed a model 
of DNA(Fig. 14 11) which takes into account 


other and guanine with cytosine. If the 
sequence or order of bases of one polynucleo¬ 
tide chain is known, that of the other can be 
easily determined. Thus, the two polynu¬ 
cleotides of a DNA are complementary to 
each other. Alternating sugar and phosphate 
molecules form the backbone of each 
polynucleotide chain. Watson, Crick and 
Wilkins were awarded the Nobel Prize for 
Medicine in 1962 for unr avelling the str ucture- 
of DNA . Unlike'T5NA7 RNA is generally 
^i yple-strand ed. It is a polynucleotide of 
ribo nucleo tides. 

Much of the DNA is localized in chromo¬ 
somes of the nuclei. In fact, chromosomes 
are composed of about 40% DNA, 50% 
^histones and other basic proteins, 1.5 % RNA 
and 8.5% acidic proteins. In each chromo¬ 
some, a single long DNA double helix is 
folded and. coiled and is associated with 
histones to form a thick rodlike structure. 
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Fig. 14., 11 The double helix model of DNA The 
width (diameter) of the helix is 10A° and 
the turn of the helix is completed m 
3.4A° which accommodates ten stacks of 
base pairs. 

Depending on this coiling and condensation, 
chromosomes appeal short and thick or long 
and thm. During the interphase, they are so 
long that they cannot be seen with an optical 
microscope. C h^omoso m^ are shortest 
during the metaphase of the c ell divisioriT 



Fig, 14.12 Diagrammatic representation of different 
parts of a chromosome. 

Under the microscope, each chromosome 
appears to have a homogeneous matrix in 
which there are two coiled threadlike 
structures which are called chromonemata. 
The two chromonemata of the chromosome 
are joined together at the centromere, which 
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is also known as the p run.a.iv—constriction of the present century that chromosomes are 
(Fig 14-12) ^ Some chromosomes have the bearers of hereditary characters, the role 
secondary constrictions (Fig. 14.5) which are of its DNA. m heredity was firmly establish- 
also known as nucleolar oiganisers, because ed as a icsult of a senes of experiments 
at this place the nucleoli appear and disappear which had their beginning in 1920. S. F. 
during the cell division. Griffith, a British doctor, conducted some 

Although it was known just after the turn experiments with Diplococcus__ pneumoniae .. 



HEAT-KILLED HEAT-KILLED 



Fig 14- 13 Diagrammatic summary of Griffith's experiments on transformation in Diptococcus, 
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(co mmonly known a s—_pflcumoco<xus.), 
a bacte^uiB-tfeat-eai^ses pneumonia There 
are two main kinds of pneumococcus bacteria, 
smoo th (S) and rough (R ) The S-type cells 
have a capsule around eaTch g air. are_-.Yi i -H.lent 
and cause p neumonia * On the other hand, 
the' K.-tvpe _ ceIls have no capsule and are 
avuulent 01 harmless, The S-type cells cause 
pneumonia and subsequent death when they 
are mjectedTnto mice. The R-type cells fail 
to cause pneumonia in the mice that are 
injected with it. Griffith killed the virulent 
type ( S) cells b y heat and m iected the dead , 
cells i nto mi ce The mice did not die or 
suffeFTrom phbumonia In another experi¬ 
ment, he injected into the body of mice a 
mixt ure of living Uis-rmtnvmilent 

S-ty pe c ells. These—uuce-^suffered from 
pn eumonia and ultimately died (Fig 14.13). 
Autopsies showed that death was caused by 
the living— celk-o£--l he virulent (S) stra in. 
Griffith concluded that it was the living bu t 
nrnum mlrnt (R) hncleria that had b een 
tr ansformed into the virulent and cans dial ed 
t ype ( S), 1 e , the dead cells nf the S-lvp e 
bacte ria had transmitted their virul ence to 
tiun Jwng R-tvne _cells A few years later, 
other scientists showed that the S-type heat- 
killed cells can transmit their virulence to 
the R-type living cells when they are placed 
together m a culture medium, proving thereby 
that the mice cells or tissues have no role to 
play in the transfo rmation of on a-bantcnal 
ty pe into anot her. Another group of scien¬ 
tists went a step further They prepaied an 
extract of heat-killed S-type cells by growing 
and disrupting them Even this extract was 
capable of converting th e R-type cells into 
the S -type in culture media ^This experiment 
proved that some cmnpnnptii n f ceil 
rather than ^the whole cell, is responsible for 
transformation 51 

O T Avery, Cjvlacleo d and MM cCartv 


(1944) hunted for the transforming compound 
in the cxtracFnf-pnmrmcrccTccTTvrKr'provided 
the experimental evidence for the fact that 
the factor responsible for th e transformation 
o f the non-virulent R-typc bacteria vTh rETNA. 
They took advantage of the fact thaFThe 
enzyme deoxyribonuclease digests and de¬ 
composes D N A These three scientists 

separa ted the extract of the S-ty pe,-vrrulent 
strain into protein, DNA and carbohydrate 
fractions' 'EacTTof these fractions was Then 
mixed with the living R-type cells in a cultuie 
medium and left undisturbed for a short 
time. They found that when the protein or 
caibohydrate extiacts fiom the virulent 
strain were used, only the S-type cells were 
produced. But a pmxture of the R-tvpe cells 
and the DNA from the virulent cells produce d 
bot h tHc~R- and the R-type cell s When the 
DNA .e xtract was treated with deoxy ribo¬ 
nuc lease (an enzyme which digests DNA) 
befo re mixing with the non-vimlc Trt~~type, 
only t he R-lvoe cells were ^ produced’ The 
resrStsidemonsli ated beyond all doubt that 
the S NA of vnulen i-pneupiococci is capable 
of transforming the R-type celTs~lnt O~ those 
of the S-type" Thus, the transformation 
expemnent indicated that j^lNA ij_thejjenetic 
matefhd-and-that.xl_LSJi Q.t destroyed bv k illing 
t he cells by h eat treatment Conclusive 
evidence that DNA and only DNA is the 
genetic material has since been obtained m a 
number of dnect and indirect ways, but 
peihaps most convincingly by an experiment 
with a bacteriophage (a virus that infects a 
bacterium) J 

Bacteriophages repi oduce within the 
bacterial cells and eventually may destroy 
the very cell they have inhabited. The electron 
microscopy has revealed that the inner poi- 
tion of a bacteriophage is injected into the 
bacterial cell and the protein coat remains 
outside. The protein coat can be detached 
from the infected bacterium by vigorous 
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shaking and subsequent centrifugation. Pro- coinse_o£-the-infeGtr©n~pi : ocess The expen- 
tein coats being lighter stay in the supernatant ment was repeated by usjn^P^_aj:adipactive , 
and the infected bacteria settle down in a isntn jie of phosphorous wh i ch g ets incorpora- 
centrifugetube. The tadpole-shaped bacterio- te d into DNA rather than into the pr oteiirs. 
phage T 2 which infects the bacterium Esche- i^ershey and Chase Touncfm this'eXpenrrren 
nchia coti has a DNA core and a n rotein that almost all the jadioactivity was asso- 
coat Hershey andChase (1952) set ouTTcr" dated with bacterjA^athsr.iTan ^with'lhe 
find' whethei duiing infection only DNA is protein coat fraction (Fig. 14 14) These 
injected or also some of the protein enters experiments proved that all the phage DNA 
the bacterium. They grew E. coli in a and only the DNA entered ihebacterium. 
medium contain ing S^Taradinac tivo isot ope The more important finding was that the 
oF suiph un The'Tjacteria incorporated the bacteria which contained the injected DNA, 
hofTradioactive) sulphur into the sulphur- but were separated from the phage coat 
containing amino acids (cysteine and methio- protein, were capable of producing a fresh 
nine) which were used up as building blocks crop of normal bacteriophages. Since the only 
for proteins. The hot bacteria were then link between the infecting and the progeny 
infected with T a phages. Since the phages bacteriophages is the injected DNA, it is the 
utilize the proteins of bacteria for the forma- DNA and not the protein which is the 
tion of phage proteins, they became labelled hereditary material of T 2 . We now know it 
with S 3J . Such hot phages were used to for certain that in. all organisms DNA is the 
infect' cold bacteria. After infection, the hereditary material and it is the DNA part 
protein coats and bacterial cells weie separa- of the nucleus and chromosomes which is 
ted and their radioactivity was measured lesponsible for heredity. In those organisms 
-lei shey and Chase found that almost all of nr which there is no DNA, RNA takes over 


af the radioactivity was associated with tire hereditary function of DNA, as in 
protein coats in the supernatant and almost the tobacco mosaic virus. Otherwise, it 
lone with the bacterial cell fraction This helps in amplifying and transmitting the 
ndicated_ that no protein material nf^Th? genetic information that is contained m the 


EXERCISES 

1. Give at least two arguments to suggest that the nucleus contains the hereditary 
information. 

2. The shape of the cap of Acetabularia is determined by the type of the nucleus 
or the type of the cytoplasm that it has. 

3. What is the function of nuclear pores ? 
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4, What is the major difference between a Droca f 

5, What is meant by the parallelism of behavioTbrtw^n"L eucar y°^ cell? 

^»rs? What do you Conclude from this ? ^ chr °mosomes and 


ry/wi is utvcuiL uj mu paraueiism of behavio 

characters? What do you Conclude from this? """''jsomes and 

6. What are the major chemical constitute „<> u 

« «» gonetic infomlZ, and which o M „f 


wnai are uw major cnemical constiti 

them carries the genetic information? “ " ,JU wnten one of 

7, What is the relationship between the following h„ a 
nucleoside and nucleotide? g ’ k ases > su fi3rs, phosphate 

U> __ r' 1 


ia 

11 . 

12 . 


nwiai ja mu* iviuuuuauip 

nucleoside and nucleotide? ~ ’ ““6«a, pnosphate 

S, If the base sequence of one strand of DNA is catta^ 

what wj ill be the base .sequence (a) of complementary dwa ? T CAT GA C, 
its complementary RNA strand? 17 DNA strand . and (b) of 

9. Which experiments led to the conclusion that DNA . 

heredity? JS the chemical basis of 

" Can RNA function as the hereditary material * 

What is the chemical that brings about transformation 7 
Do bacteriophages inject their nucleic acid core nr ♦ w 
bacteria that they infect ? How can you prove this ? ^ Pr ° tem COat into the 
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Functions of Nucleic Acids 


SSLF-DUPU£AX1C»J—is —tfaft -mosi imp ortant 
fe atureof living ^ organisms. Cell division 
plays an important role in it. This process is 
very precise and maintains similarity between 
the parent and daughter cells. As the 
characters of a cell and an organism are 
controlled by their nuclei, chromosomes and 
DNA, it is essential that during cell division 
the nucleus and its chromosomes as well as 
its DNA make their copies with great 
precision and exactitude. Besides making its 
precise copy, the hereditary material should 
be able to direct and control the various 
metabolic functions of the cell and ultimately 
of the organism as a whole. Only this can 
ensure the continuity of a species and the 
maintenance of its characters from generation 
to generation. DNA carries out both these 
functions by replicating and by expressing 
the genetic information contained in its base 
sequence. 

Replication of DNA 

While suggesting their model of DNA 
structure, Watson and Crick postulated a 
mechanism for its replication. They suggested 
that at the time of replication two comple¬ 
mentary strands of DNA unwind and sepa- 


D UT i n r0n !, 0lle end in- a zipperlike fashion, 

® process, the weak covalent 

, , ^ en k°nds between the bases are 

broken. Th«. „ , • , 

molds . Unrated single strands act as 

. , °. T J; em Pi at es for the synthesis of new 

double i' 8 15 ^ ^hus. two daughter DNA 
tn t C 1Ces aTe f 01 mod which are identical 

a result t ^ to thc P arent molccuIe ' As 
W1 i» v SUc h replication, the DNA helices 

Inn !° !d and half new. In other words, 

is 

fr eshly 

u „ . lUEy Z2iLaccordmg to the sequence 

eaWse^^ 

r^^^^dqpji etrue. 

was P roved'? n f/ Valive mode of re P 1,catlM 
fomiaW* y ^^sclson and Stahl ofCali-_ 

a cultu . c ° l formaiiygenerafionsin 
L,„_ /r! , med ‘ Uni in which the nitrogen 

This result*?^ only the heavy isotope 
h»r JJT?? d ln Hre labelling of all the 

source 3 ^ Wlttl N 15 . Then, thc nitrogen 

nZaltl han8ed t0 NU ’ which 18 th , 6 

the bacteria T** ° f mtr0gen ’ 

a allowed Lo grow Cell 



ittcno ni os nucleic acids g5 



PARENT 

F 'S- 13-1 Saataossarratta roods of DNA repbcaiksa, as p ropo s ed by Watson and Crick 

samples were removed at regular intervals,, N ,s in both of its stands heavy was allowed 
DNA extracted from them and analysed for to replicate once in the absence of N 16 (i.e., 
its density. This experiment showed that m the presence of N u ), one stand of each 
when the double stranded DNA containing, daughter DNA molecule remained heavy, 
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whereas the other one was light Dur¬ 
ing second replication.the light and heavy 
strands separated and served as templates 



PARENT ON A MOLECULE 


AFTER FIRST REPLICATION 


AFTER SECOND REPLICATION 

Fig I? 2 Distribution of density as a result of 
semi-conservative replication Radio¬ 
active strands are shaded whereas 
light ones are non-shaded. 


for (he synthesis of light strands Out of 
the two daughter DNA molecules, one 
remained half heavy and half light, whereas 
the other one was completely light (Fig. 
15.2). This biochemical evidence was 
supported, a few years later, by direct 
cylological observations of duplicating 
DNA or F. coh 

Since DNA is contained in chromosomes, 
the latter also should show semi-conservative 
replication. In fact, semi-conservative dupli¬ 
cation of chromosomes was demonstrated by 
Taylor in 1957, but in the absence of any 
knowledge of the mode of organization of 
DNA in chromosomes, its significance was 
not realized until later. Taylor supplied 
thymine (one of the DNA bases)7Kbclicd 
witjTjilljj^dioactive IsotopeTSTIrydrogen), 
to "the dividlhg'foortip celir~of~broad bean 
The radioactive base got incorporated in the 
newly synthesized chromosome parts. He 
then replaced radioactive thymine with non- 
radioactive thymine and allowed the cells 
to grow and divide. On cytoiogical analysis 
he found that initially the whole chromosome 
got labelled. But during the second division, 
which occurred in the presence of non-radio- 
active thymine, only half the chromosomes 
retained radioactivity. The pattern of distri¬ 
bution of radioactivity in dividing chromo¬ 
somes of broad bean was very similar to the 
pattern of distribution of density in 
replicating DNA of E, coli If we assume 
that each chromosome consists of a double- 
stranded DNA, the semi-conservative repli¬ 
cation of chromosomes can be visualized as 
depicted m Fig. 15.3, 

The molecular mechanism of DNA repli¬ 
cation is more or less completely understood 
and can be achieved even in test-tubes. A 
single-stranded DNA acts as a template for 
the synthesis of its complementary strand 
Since guanine must always pair with cytosine 
and thymine with adenine, the sequence 







functions of nucleic acids 


s 



Fig. 16,3 Summary of Taylor’s experiments on chromosome duplication. The first cell division occurred 
in the presence of radioactive thymine, thereby making all the chromosomes radioactive. Radio¬ 
active thymine was withdrawn during the second cell division and consequently only half of the 
chromosomes retamed radioactivity. DNA strands shown black are non-radioactive and coloured 
ones are radioactive. 





88 


BIOLOGY 


of bases in the template strand determines 
the sequence of bases that are to be aligned 
in the newly synthesized strand. Once the 
nucleotides are arranged in the proper 
sequence, they are joined together by the 
enzyme DNA polymerase. It has also been 
found that DNA is synthesized in small 
pieces at a time and these bits are joined 
together by the enzyme ligase to form long 
DNA strands. In the living cells, DNA 
replication occurs with great precision and 
, incredible speed. 

Transmission of Genetic Information 

DNA is the storehouse for all biological 
information. It contains instructions for the 
synthesis of all other molecules of the cell. 
In most cells, it remains confined within the 
nucleus. But most of the cell activities take 
place ip the cytoplasm. Therefore, three 
questions arise; (a) In what language is the 
genetic information written in DNA? 
(b) How is this information carried from 
DNA to the cytoplasm? (c) In what form is 
the information expressed? 

All the metabolic reactions of a cell are 
catalyzed by enzymes which arc proteins. 
Some of the proteins are structural compo¬ 
nents of cell organelles. Proteins, like nucleic 
acids, are macromolecules. They are for¬ 
med by end-to-end joining of a large num¬ 
ber of ammo acids There are twenty stan¬ 
dard amino acids that go to form polypep¬ 
tide chains of proteins. The sequence of am¬ 
ino acids in a polypeptide (a chain of amino 
acids joined together is called a polypeptide 
chain because each amino acid is linked to 
its neighbouring amino acid by a peptide 
bond) is determined by the sequence of bases 
in a DNA segment. A protein may consist 
of one or more polypeptide chains. Haemo¬ 
globin is a protein which consists of Tour 
polypeptide chains — two of one kind and 


the other two of another kind. Lysoz yme is 
made up of only one polypeptide cha in. 

Protein synthesis takes place uTtKe 
cytoplasm and various types of RNA mole¬ 
cules are involved in it. This is evident from 
the fact that the cells which synthesize more 
protein have more RNA. One type of RNA 
c arries the mstmction v-co^edzfai^gi02HA~ 
of t he nucleus to the cytoplasm . This type 
of RNA is__knov.-n—as—messcngei_JRNA ■ 
(mRNAT "becausc_lt ..carrics_lhe„mnssagt 

One of the strands of a DNA molecule acts 
as a template for the synthesis of messeng er 
RNA. D uring the process of RNA synthesis 
on the DNA template, adenine is aligned in 
fr^nhuLtbymine of DNA7 ~uracirirrTroht of 
adepine . cytosine in front of guanTne'and 
gUatunei n fronToTcytosin c LinkingTogcther 
of these bases with the enzyme RNA poly¬ 
merase results in the synthesis_ofj RNA_ 
molcnuliX- which is complementa ry in base 
seque nce to on e of the stiands of DNA. 
RNA movcTTromthe nucIcusTrTThe;yto¬ 
pi aitnjndJtCCQn\gs_aUached to a _rtbosome 
R ibosomes arc snull granular bodies wh ich 
ar c found attached to the endopla smic 
rfi^iculpm, They arcepmposed of RNA and 
protei n? RibosonmT" RNA frRNA)~~Ts' 
synthesized m the nucleus and transported 
to the" cytoplasm where various types of 
RNA and proteins ge t organized to form 
ri Sosoiucs Ribosomes can be purified from 
disrupted cells, free from other cell compo¬ 
nents and can be seen under an electron 
microscope.' Provided with a message, 
building blocks of proteins (i,c , ammo acids), 
and a transporting molecule which can carry 
the amino acids to the site of protein synthe¬ 
sis, ribo^omes^^reuibltMo-sytUh^ 

The ramino acid transporting molecule i> also 
tt t ype of RNA which has been given the 
nam eofTransfe ?RNA4tRNA'l~~Eaehaniino 
acid is picked up by a specific kind of tRNA 



t SWA SYNTHESIS 





Fig, 15.4 


Step* involved in protein synthesis. DNA acts as a template for the r „ , 

and mRNA; rRNA and protein combine to form ribosomes which attach .h 0 . f t rRNA * L RNA 
tRNA-amino acid complexes align themselves on mRNA-nbosomr corrml Cmsc . Via t0 mRNA ’ 
due to codon-anticodon pairing. The amino acid ol one tRN A i»2^h • 

the other tRNA, thereby liberating one tRNA. This kocL ^ the ammo aetd of 
polypeptats to synthesized and related. Process continues until a complete 
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and the attachment between the amino acid 
and Sts tRNA is brought about by an enzyme. 
tRN As carry the amino acids to the mRNA - 
r ibosome complex and orde r them accord ing 
to the me ssage contai necTin the mR NA. 
Eater onTTliese~amino acids are hooked 
together by peptide bonds to form a polypep¬ 
tide or a protein. The same messenger RNA 
anSfrtbOStJffle can facilitate the synthesis of 
many molecules. Thus, DNA makes RNA 
and RNA makes protein. The process of 
RNA-gynthcsis on a DNA te mplat e is known 
as protein 

according tdThrffle'SSagrconraineHlh mRNA 
is calted tra nslation. 

transcription translation 

DNA -* RNA -* Protein. 

As each ribosome moves along the 


mRNA, it manufactures a polypeptide chain 
by translating the base sequence into an 
amino ^acid ~scquehce (Fig. 15.4)7 Many 
ribosomes can be involved in the translation 
of a single message, one after the other A 
complex of ribosomes attached to a single 
mRNA can be isolated and has been called 
a polysome or a polyi ibosome. 

The information for the sequence of ammo 
acids of a protein is contained m the sequence- 
of bases of the mRNA which m its turn is 
governed by the nucleotide sequence of the 
DNA. In other words, a four-letter language 
of DNA is transcribed into a four-letter 
language of RNA which is translated into a 
twenty-letter language of proteins. The 
language or code of DNA is written by 
four letters — A, T, G and C. It is now well 


TABLE 15.1 


The Genetic Code or the mRNA Triplets for Different Amino 
Acids. Corresponding Bases of DNA are Given in Parenthesis. 


Base 1 


U(A) 

0(G) 

Base 2 

A(T) 

G(C) 

Base 3 



Phe 

Ser 

Tyr 

Cys 

U (A) 



Phe 

Ser 

Tyr 

Cys 

C (G) 

U(A) 


Leu 

Ser 

Ochre* 

Nonsense* 

A CD 



Leu 

Ser 

Amber* 

Trp 

G(C) 



Leu 

Pro 

His 

Arg 

U(A) 

C(0) 


Leu 

Pro 

His 

Arg 

C(G) 



Leu 

Pro 

Gin 

Arg 

A (D 



Leu 

Pro 

Gin 

Arg 

G(Q 



He 

Thr 

Asn 

Ser 

U(A) 



He 

Thr 

Asn 

Ser 

C (G) 

A (D 


He 

Thr 

Lys 

Arg 

A (D 



Met** 

Thr 

Lys 

Axg 

G(Q 



Val 

Ala 

Asp 

Gly 

U(A) 



Val 

Ala 

Asp 

Gly 

C(G) 

0(C) 


Val 

Ala 

Glu 

Gly 

A(D 



Val** 

Ala 

Glu 

Gly 

G(C) 


•Chain termination signals Ochre and amber also are known as nonsense triplets. 
**AUG and GUG stand for chain initiation signals also, 
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established that each amino acid is coded far 
by a three-letter w out-af-th e nucleic acid 
Thus, a sequence r QEJh rse bases dete rmines 
as to which amino acid is to be inserted into 
a p olypeptide chaindurm g'iTss vrithesis-rm 
the mR KA-ribosomt LXOJaplex. A sequence 
of thr ee bases whic h__staml s for 'an amin o 
acid is knowta as a code word or a cod on. 
Four 6'aiesican~fS5Lfi 4 possib le codons, but 
thereare only 20 essential amino acids. It 
follows from this that each AI£iflQ_acid_rnay 
correspond-to-mare-4haiv-ene-codon. As a 
result of brilliant researches by Nirenberg, 
Crick, Khorana, and their associates, it has 
been possible to identify the various code 
words for the different amino acids. The 
DNA and RNA code words will be comple¬ 
mentary to each other. A glance at Table 
15.1 will show that there are two alternative 
code words for the ammo acid phenylalanine 
— UUU and UUC of RNA and AAA and 
AAG of DNA. Leucine and arginine have 
six each, whereas tryptophan and methionine 
have only one code word each. Other amino 
acids have either two, three or four codons 
each. Sixty-one out of sixty-four codons 
stand for amino acids and the rest three 
(UAA, UAG and UGA) serve as full-stops. 
They determine the termination point of a 
polypeptide chain. The codons AUG and 
GUG code for methionine and valine, res¬ 
pectively, as well as for start signals. A DNA 


segment, whieft is bounded by a start and a 
stop signal, contains enough information for 
one complete RNA or polypeptide molecule 
and is called a cistron. Thus, a dslrotLCodes 
for a polypeptide chain or a RNA molecule . 
Sometimes, more than one adjacentcistrons 
code for polypeptides which have related 
functions or which associate together to 
form a protein. Su ch a grg atp-oTAmotienally 
relate d cistrons ha sJheen-oalled-a-ggffe. Each 
cistfofTis transcribed and translated indepen¬ 
dently of the other. Several mRNA molecules 
can be transcribed simultaneously from a 
cistron, one slightly behind the other. 
Similarly, many polypeptides can be trans¬ 
lated from a single mRNA molecule, one 
after the other, but with the help of different 
ribosomes. 

A triplet code of mRNA is recognised by 
a particular transfer RNA species. Each 
species of transfer RNA has two recognition 
sites. One of them recognises the correct 
amino acid and the other recognises the 
mRNA codon due to simple base comple¬ 
mentarity. This second site of a tRNA 
molecule is called an anticodon. The amino 
acids, therefore, are ordered according to the 
codon sequences of messenger RNA and 
codon anticodon recognition. The genetic 
code appears to be the same in all organisriis 
which suggests that it originated quite early 
during organic evolution. 


EXERCISES 

1. What are the two major functions of hereditary DNA? 

2. How was it proved that DNA replication is semi-conservative? 

3. Describe briefly the molecular mechanism of DNA replication. 

4. What is the role of messenger RNA? 

5. What is the function of ribosomes? How and where are they synthesised? 

6. Draw a labelled self-explanatory diagram of the processes of transcription and 
translation. 
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7. Fill up the blanks: 

A.letter language of DNA is.mto a. 

letter language of .. which is translated into a. 

letter language of.. 

8. How many bases code for one amino acid? A polypeptide of 1200 amino 
acids will be coded for by a linear sequence of how many bases of (a) DNA 
and (b) RNA? 

9. Of the 64 possible code triplets, how many stand for ammo acids and how 
many are used as punctuation signals? Are there some which are used as 
both? 

10. The various mRNA code words for the amino acid argimne are: (a) CGU, 
(b) CGC, (c) CGA, (d) CGG, (e) AGA, and (f) AGG. What will be the 
corresponding DNA code words or codons? 

11. What .are the two recognition sites of a tRNA molecule ? 








Chapter 16 


Cell Division 


Self-duplication is the most important 
feature of a living organism. In the previous 
chapter, wc have seed how DNA (the chemi¬ 
cal basis of inheritance) replicates. Each 
DNA duplication is followed by a separation 
of the daughter copies and their inclusion in 
two daughter cells. In most of the plants and 
animals (exceptions are viruses, bacteria and 
blue-green algae), DNA is located in the 
nuclei within the cells. Most of the cellulaT 
DNA is formed in the nucleus. Only a small 
fraction is present in the organelles like 
mitochondria and chlofoplasts. DNA can 
be selectively stained with suitable dyes and 
its amount can be estimated by measuring 
the intensity of the stain. Such measurements 
have shown that the DNA content of the 
nuclei of the different cells of a given orga¬ 
nism is always constant. Some specialised 
cells may have half or twice as much DNA. 
The multiples may be higher in some tissues, 
but they arc usually whole numbers. This 
suggests that cells have one or two or more 
full sets of DNA instructions. Each full set 
of ppA instructions is called a genome, 
Each genome is packaged into one or more 
chromosomes. Cells with a single genome 
are said to be haploid, those with two are 


called diploid and those with more than two 
are known as polyploids. Cells with multiple 
sets of genomes have many identical sets of 
chromosomes — diploids with two sets of 
similar, chromosomes and polyploids with 
many sets of similar chromosomes, 

Although the importance of DNA in 
heredity and its mode of replication was not 
clear until the 1950s, the process of cell 
division and distribution of the nuclear 
material into the daughter nuclei was worked 
out as early as the 1880s. Details a nd excep¬ 
tions have been added from time to time but 
the basic concept has remained unchanged. 
Rudolf Virchow suggested in 1859 that cells 
arise only from pre-existing cells— Omnis 
cellulae cellula. New cells arise as a 
result of the division of a pre-existing cell, 
It is this property of cells to divide which 
ensures that the set of characters is passed on 
from one cell generation to another. Each 
daughter cell receives from its parent a 
complete set of hereditary information and 
sufficient organelles to be able to carry out 
its metabolic reactions. 

Cell division is of two types — mitosis and 
meiosis. Mitosis results in the multiplication 
of cells and during this process the daughter 
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cells contain the same number of chtomo- Mitosis, therefore, is also known as somatic 
somes as their mother cells. Meiosis, on the or equational division. Before the onset of 
other hand, halves the diploid genome and mitosis, when chromosomes become visible 
ensures an alternation of haploid and dip- under optical microscopes, a cell is said to 




HAPLOID STAGE 


DIPLOID STAGE 


Fig 16 1 Stages at which meiotic divisions occur during the lire cycles of haploid, {left) and diploid (right) 
organisms 


loid generations. In diploid mganisms, like 
higher plants and animals, meiosis occurs 
during the formation of gametes In haploid 
organisms, it occurs soon after the fusion of 
gametes (Fig 16 1). 

The sequence of events during the'cell cycle 
is highly ordered and very precise. It involves 
three events: (1) DNA or genome replication, 
(2) nuclear division, and (3) cytokinesis or 
division of the cytoplasm. Cell division is a 
continuous and dynamic process. 

Mitosis 

Two identical nuclei are formed from one 
as a result of a mitotic division. Both the 
daughter nuclei contain the same amount of 
DNA and the same set of chromosomes and 
hereditary instructions as their parental cell. 
It occurs m vegetative or somatic ceils, 



Fig. 16 2 The cell cycle s'luwi/if.' the sequence of 
Gi,S,G2 and M wnilosis or meiosis) phases. 




of spindle 
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be in the interphase. An interphase intervenes 
between two cell divisions. It is during this 
period that the cell prepares to divide by 
duplicating its DNA and by synthesizing 
some macromolecules that will be required 
during mitosis. On the basis of biochemical 
studies, three distinct stages can be recognized 
during the interphase (Fig. 16.2) With the 
end of the cell division process, the cell enters 
the first stage of the interphase During this 
G x period (first growth or gap period), the 
nucleus regulates the growth of the cell. A 
lot of RNA and protein is synthesized during 
this period. This is followed by the S or 
synthetic phase during, which the DNA 
is replicated. This replication results in 
doubling the number of DNA strands in 
each chromosome The S phase is followed 
by the second growth or gap period (G 2 ). 
During this period, the protein material 
and energy pools associated with the structure 
and movement of chromosomes are esta¬ 
blished. The G 2 phase is followed by the M 
phase during which chromosome comple¬ 
ments are parcelled into the daughter nuclei 
The relative lengths of these phases differ in 
different organisms but are fixed for a given 
species under a given set of environmental 
conditions. The cells, which are not going 
to divide, do not proceed beyond the G, 
phase and start differentiating. 

The M phase or mitosis (F(|. 16.3 and 
16.4) is conventionally divided into four 
stages or phases. The first of these is called 
prophase. With the onset of prophase, 
chromosomes begin to coil tightly As 
coiling progresses, chromosomes turn thicker 
and shorter and, consequently, become visible 
under the light microscope. At this stage, 
the nucleus looks like a ball of wool. Due to 
the duplication that occurs during the 
preceding S phase, each chromosome during 
the prophase appears as a two-threaded 
structure. Each of these threads is called a 


chromatid. Both the chromatids of a chromo¬ 
some are held together at a point which is 
called the centromere or the primary constric¬ 
tion The position of the centromere is 



6 


D' mj. 

jW* 




1 ' 

.. ._.1 

% 



Fig 16.4 Some typical stages of mitosis in root tip 
cells of Paris polyphytla A. Propliase, 
B. Metaphase, polar view, C. Early 
anaphase, D. Late anaphase, E. Early 
telophase, F. Late telophase. 

( Courtesy: Dr. Virendra Kumar) 

characteristic of each chromosome. Some 
chromosomes have centrally located centro¬ 
meres which divide the chromosomes into 
two equal arms (arbitrarily called left and 
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right arms). Others have almost terminal 
centromeres, thereby dividing the chromo¬ 
somes into short (proximal) and long (distal) 
arms. Some chromosomes have secondary 
constrictions and these are the regions where 
nucleoli are attached. These regions are also 
known as nucleolar organizing regions. As 
the prophase progresses, the nucleolus gradu¬ 
ally disappears and so dofcs the nuclear 
membrane. 

The complete disappearance of the nuclear 
membrane and the nucleolus heralds the 
beginning of the next stage of mitosis — 
metaphase. During this stage, chromosomes 
are thickest and shortest and become oriented 
in such a way that all the centromeres lie in 
one plane at the centre of the cell, forming a 
metaphase plate. The movement of chromo¬ 
somes is guided by a series of fibres that arise 
from the nuclear and cytoplasmic material. 
The fibrillar structure is called the spindle 
apparatus. It is an arrangement of micro¬ 
tubules radiating from two poles at opposite 
ends of the metaphase plate. Chemically, 
they are composed of proteins which have 
large amounts of sulphur-containing amino 
acids. Some spindle fibers are attached at 
the centromeres of the chromosomes, while 
others lie between them. In most animal 
cells, each spindle pole contains a cetttriole 
which is also known as an aster (Fig, 16.3) 
Centrioles are fibrillar and starlike bodies, 
Chromosomes of diploid organisms can be 
matched into pairs. Members of each pair 
are of the same length and have the same 
centromere position. 

The anaphase starts with the division of 
C entromeres w hich results in the separation of 
sister chromatids along the long axis of the 
spindle to the opposite poles. The new 
chromosomes (formerly chromatids) appear 
to be pulled to the poles by their centromeres, 
while their aims point towards the metapbase 
plate, Consequently, a chromosome with a 


centrally located centromere will have a 
V-shaped configuration at this stage, while 
those with terminal and subterminal centro¬ 
meres will look like I and J, respectively. 

The telophase begins with the arrival of 
daughter chromosomes at the respective 
i>oles. During this period, chromosomes 
despiralise, lose their visible structural chara¬ 
cteristics and become thin, long and granular. 
The nuclear membrane reappears and nucleoli 
are formed at the nucleolar organizing regions 
of relevant chromosomes. In the telophase, 
the events of the prophase are reversed and 
two nuclei are organized in each cell. The 
daughter nuclei then enter the GjStage of the 
next cell cycle. 

Nuclear division is generally (but not 
always) accompanied by the parcelling of the 
cytoplasm into two daughter cells. This 
process is known as cytokinesis (Fig 16.3). 
In the animal cells, cytokinesis occurs by an 
invagination of the cell membrane almost in 
the middle of the cell. The furrow gradually 
deepens and ultimately divides the cell into 
two parts. In the plant cells, on the other 
hand, a cell plate is laid down at the equato¬ 
rial plane This plate starts in the centre and 
extends laterally until it divides the cell into 
two parts. This is because the plant cells have 
a rigid cell wail. Repeated nuclear division, 
unaccompanied by cytokinesis, ultimately 
results in a multinuclea' te conditio n which 
is a permanent or temporary characteristic of 
some tissues li ke the endosperm of plant 
seeds o r skeletal muScles. 

Meiosis 

Meiosis is characterized by two successive 
divisions of the cytoplasm and nuclei (meiosis 
I and meiosis II), accompanied by only one 
replication of the chromosomes. Meiosis in 
a diploid cell results in the formation of four 
haploid cells. It, thus, reduces the chromo¬ 
some number as well as the amount of DMA 
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per cell to half. The interphase which meiosis I and meiosis II, are continuous 
precedes the onset of meiosis is similar to processes and have been subdivided into 
the interphase which precedes a mitotic many substages (Fig 16 5) only for the 
division. There is the growth phase (G.), convenience of description, 
followed by the S phase during which the 

DNA of chromosomes replicates, The S Meiosis I or First Nuclear Division 
phase is followed by the second growth Prophase I. The prophase of meiosis I is 
phase (Gj). Various stages of the interphase, long lived as compared to the prophase of 



Leptotene Zygotene Pachytene Diptotene 



Diakinesis Metaphase I Anaphase* I Telophase I 



Fig 16 5 Diagrammatic representation of different stages of meiosis. 
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mitosis, anil can be subdivided into five 
stages. During leptolene, chromosomes 
make their appearance as long and thin 
threads in the nucleus. As the prophase 
progresses, there is condensation, shortening 
and thickening of chromosomes. Each 
chromosome consists of two chromatids 
which are held together at the centromere 
region. Similar or homologous chromosomes 
start pairing during zygotene. During 
pachytene, the paired or synapsed homolo- 
gues are quite clear because of shortening 
and thickening of chromosomes* Each 
paired unit is called a bivalent and consists 
of four chromatids. As diplotene starts, the 
synaptic forces between the paired homolo- 
gues come to an end and the chromosomes 
start separating. Simultaneously, there is an 
exohange of parts of chromatids between 
homologous chromosomes (crossing-over) 
and this results m crosslike structures 
which are called chiasmata (singular : 
chiasma). With the progression of diplotene, 
the nuclear membrane and the nucleolus 
start disappearing. By diakinesis, the nuclear 
membrane and the nucleolus almost dis¬ 
appear. The bivalents become very short 
and, consequently, the chiasmata move 
towards the ends of chromosomes, away 
from the centromere, and ultimately slip out. 

Metaphase /. The disappearance of the 
nucleolus and nuclear membrane and the 
organization of spindle fibres herald the 
beginning of the metaphase I and the end of 
the prophaso I. The bivalents arrange 
themselves in the centre of the cell so that 
the chiasmata of the bivalents lie on the 
equatorial plate and the two centromeres 
of a bivalent on either side of it, pointing to 
the poles. The orientation of each bivalent 
is independent of the other and maternal and 
paternal chromosomes point towards the 
opposite poles. 

Anaphase I. The centromeres of homolo¬ 


gous chromosomes start moving along the 
spindle fibres towards the opposite poles, 
thereby dragging the respective chromosomes 
in the opposite directions. Due to the crossing- 
over during the prophase and the independent 
orientation of bivalents at the metaphase, 
the set of chromosomes that move to one 
pole consists of a mixture of paternal and 
maternal chromosome parts and chromo¬ 
somes. Thus, a thorough mixing of maternal 
and paternal hereditary material occurs 
during meiosis. 

Telophase I. The arrival of the chromo¬ 
some sets at t.he opposite poles signals the 
beginning of the telophase. As only one 
partner of a homologous pair goes to one 
pole, only half the somatic or diploid number 
of chromosomes reaches either pole. Chro¬ 
mosomes uncoil and the nuclear membrane 
and the nucleolus are reorganized. Some¬ 
times, the telophase I is absent and the 
anaphase 1 is followed by the metaphase II. 

Interphase. The interphase between meiosis 
I and meiosis II is brief, if any. Generally, 
it is absent. 

Meiosis II or Second Nuclear Division 

Meiosis II is very much similar to mitosis. 

Prophase II. Sometimes, the prophase II 
is absent and the anaphase I is followed by 
the metaphase II. Whenever it is present, it 
is short-lived and during this stage there is 
shortening of chromosomes and gradual 
disappearance of the nucleoli and the nuclear 
membrane. 

Metaphase II. The beginning of the 
metaphase II is marked by the disappearance 
of the nuclear membrane and the nucleolus 
and the appearance of spindle fibres. The 
chromosomes arrange themselves on the 
equatorial plate and then centromeres divide. 
Thus, the sister chromatids of a chromosome 
get-separated. 
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Anaphase II Sister chromatids separate 
and arc dragged by their centromeres towards 
the opposite poles. 

Telophase II. This stage starts with the 
arrival of chromosome complements to the 
respective poles. During this stage, the 
chromosomes despiralise and elongate, the 
nucleoli are organized and the nuclear 
membrane reappears 

Cytokinesis. Division of the cytoplasm 
can occur after each nuclear division (meiosis 
I and meiosis II) or can be deferred until four 


nuclei are formed. In any case, details of the 
division process are the same as after mitosis 
Like mitosis, meiosis, too, is a dynamic 
process and its one stage merges into another, 
without any sharp demarcation between 
them, As a result of meiosis I and meiosis 
II, the amount of DNA per nucleus as well 
as the chromosome complement arc reduced 
lo half that of the parental cell This is of 
essential for the formation of gametes, two 
of which unite to restore the diploid chromo¬ 
some number of a typical organism. 


Differences detween Mitosis and Mriosis 


Mitosis 

Meiosis 

Occurs in somatic cells. 

Occurs in reproductive cells 

Each DNA or chromosome replication is followed 
by one nuclear division, thereby maintaining ihc 
amount of DNA and the number of chromosomes 
per cell consianl from generation to generation •' 

Each DNA or chromosome replication is followed 
by two successive divisions of the nucleus Thus, 
each of the daughlcr cells contains half as many 
chromosomes and half as much DNA as us 
parent cell. 

All chromosomes behave independently of each 
olhei 

Homologous chromosomes get paired together, 

The chromosomes at the metaphase are arranged 
in such a way that Ihc centromeres lie at the 
metaphase plale and the arms of chromosomes 
are free 

The chromosomes at the metaphase arc arranged 
in such a way that the centromeres of homologous 
chromosomes lie on either side of the metaphase 
plate, pointing towards the opposite poles, 

Generally speaking, there is no crossing-over or 
exchange of parts of chromatids between homolo¬ 
gous chromosomes. 

Crossing-ovet or exchange ol paits of chiomaiids 
between homologous chromosomes is a rule, 
rather than exception 

The time taken for the mitotic division is much 
shorter as compared to the time taken for the 
meiotic division in the same organism. 

The time taken for the meiotic division is much 
longer as compared to the time taken for the 
mitotic division in the same organism. 

As a result of milosis, two daughter nuclei are 
produced from a single parental nucleus. 

As a result of meiosis, four daughter nuclei arc 
produced from a single parental nucleus. 

Centromeres divide, thereby separating the two 
chromatids 

Centromeres do not divide during ihc metaphasc 
I Homologous chromosomes rather than chroma¬ 
tids separate. Centromeres divide during the 
metaphase II. 
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Unusual Methods of Division 

In many simple and primitive organisms, 
the process of mitosis is not that elaborate, 
For example, in Amoeba or yeast, the 
nucleus divides by furrowing, without the 
appearance of chromosomes. 

Sometimes, nuclei start dividing but do not 
complete this process. This results in the 
replication of DNA as well as the chromo¬ 
somes but no division of the nucleus, thereby 
increasing the somatic number of chromo¬ 
somes per cell. Such a process is known as 
endaploidy or endoduplication. Sometimes, 
the chromatids replicate but fail to separate, 
thus forming chromosomes with more than 
two chromatids, In the salivary gland 


chromosomes of Drosophila and of some 
other invertebrates, this type of polyteny may 
result in as many as 1000 chromatids per 
chromosome. 

At the time of cytokinesis, the cytoplasmic 
organelles, like mitochondria, chloroplasts, 
centrioies and basal granules, get parcelled 
mto daughter cells. Sometimes, instead of 
mature organelles, only their precursors are 
included in the daughter cells This is so 
because each of these organelles arises only 
from a pre-existing one. They have been 
shown to possess their own hereditary 
material. These organelles are at least 
partially self-reproducing units and their 
growth, differentiation and function are 
ultimately controlled by the nucleus. 


EXERCISES 


1 , 

2 . 

3, 

4. 

5. 

6 , 

7. 

8 , 

9. 

10 . 


What is a genome? How many genomes arc there in a haploid and in a 
diploid? 

Why is cell division necessary? 

wta iifocSr of t,pi “' 1 haploid! and dip,oids ' indirati °s 

^dcar" division ? CntS ^ ^ interphase for the Preparation of 

Draw a labelled cell cycle. 

dFmitosls he,P ° f Se,f ' eXplanat ° ry labelled fetches, indicate the various stages 

Draw self-explanatory labelled sketches of the various stages of the prophase I 
describe briefly the structure and composition of the spindle apparatus in 
plants and animals. 

How does cytokinesis of a typical plant'cell differ from that of a typical 
animal cell. 

Enumerate the various stages of meiosis. 
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11. List the differences between mitosis and meiosis 

12 Wbat is polyteny? Wheie do you expect to see a polytene chromosome ,} 



Chapter 17 


Principles of Inheritance 


The mechanism of inheritance was discovered 
long before DNA was identified as a carrier 
of genetic information and even before 
chromosomes were known. The way in 
which~chaf5Cte r s~ ar e tr a nsmitted from one 
generation to another was first demonstrated 
by Gregor Johann Mendel in 1866. He 
suggested that each cell of an organism 
contains two factors for each character, both 
of which separate and are passed on to 
different progeny through different gametes. 
This factor was later called a gene and genes 
were found to bo located in chromosomes 
within the nuclei, Now, of course, we know 
in great depth about the physical and 
chemical organization of genes and also 
about the way in which they control the 
expression of characters in an organism. 
The foundation of genetics, the science of 
heredity and variation, however, was laid by 
Mendel over a century ago. It is, therefore, 
not inappropriate that he is known as the 
father of genetics. 

Mendel (Fig, 17.1) grew up in what is now 
Czechoslovakia and was ordained a priest 
in a monastry. He carried out breeding 
experiments with garden peas (Pisum sativum) 
for about nine years and summarized the 


results to elucidate the mechanism of inheri¬ 
tance. Many people had carried out breeding 
experiments in a variety of plants and animals 
before Mendel but none of them were able 
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to analyse the results as clearly as Mendel 
could Even in garden peas many people had 
carried out breeding experiments and had 
observed a blending of parental characteis 
in the offspring. Similar breeding experi¬ 
ments were conducted by Mendel and he took 
advantage of his training in mathematics and 
science for analysing his results Unlike liis 
predecessors, he concentrated on the inheri¬ 
tance patterns of only a few sets of characters 
which were sharply contrasting in the 
parents He pooled the data of many similar 
crosses and analysed the results statistically. 
He considered the inheritance of one charac¬ 
ter at a time in the beginning and later of two 
oi more characters. Separate and systematic 
recording of data of each year was another 
key to his success. The choice of the garden 
pea as the experimental material was also a 
wise one because its flower structure facilitates 
controlled breeding, many generations are 
produced in a short time and the plants are 
easy to cultivate Moreover, a large number 
of pure varieties with distinct contrasting 
characters were available commercially. The 
petals of a pea-flower completely enclose the 
reproductive organs until fertilization, thereby 
ensuring self-pollination or the fusion of male 
and female gametes from the same plant At 
the same time, cross-pollination or fusion of 
male and female gemetes from different 


plants can be achieved by removing the 
anthers from a flower before pollen grains 
mature and by bringing about pollination by 
dusting the stigma with pollen from a 
desired plant 

After a careful examination of a' large 
number of characteristics of the pea plant, 
Mendel decided to work and report on the 
inheritance patterns of seven characters. 
Each of these seven chaiacters occurred in 
two contrasting forms (Table 17.1). Thus, 
the plants were either tall or dwarf, flowers 
were either red or white, etc Mendel started 
his experiments with plants which were true- 
breeding foi the characters that he studied. 
For this, he allowed the plants to produce 
progeny as a result of self-fertilization and 
selected only those which produced only one 
type of progeny for a number of successive 
generations. Plants which gave rise to paren¬ 
tal as well as new types were discarded by 
him. Selection of pure-breeding strains as 
the starting experimental material was impor¬ 
tant for the successful completion and inter¬ 
pretation of Mendel's experiments. 

Once the pure lines were established, 
Mendel performed many crosses by dusting 
the pollen from the pea plants with one 
character onto tire stigmas of plants with the 
contrasting character. For example, he 
pollinated tall plants with the pollen from 


TABLE 17 1 


Dominant and Recessive Characters of the Garden Pea that were Studied by Mendel 


Chaiacter studied 

Dominant 

Recessive 


Plant height 

Tall (2 metres) 

Dwarf (J metre) 


Flower and pod position 

Axial 

Terminal 


Pod colour 

Green 

Yellow 


Pod shape 

Non-constricted or full 

Constricted 


Seed coat or flower colour 

Coloured 

White 


Seed shape 

Round 

Wrinkled 


Endosperm colour 

Yellow 

Green 
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Fig 17.2 


Diagrammatic representation of Mendel’s results obtained by crossing tall plants with the dwarf 
ones, 
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dwarf plants or vice versa. Mendel found 
that all the progeny of the first filial (daugh¬ 
ter) generation (F, generation) resembled 
one of the parents and during this generation 
there was no trace of the character of the 
other parent. Thus, m a cross between the 
true-breeding tall and the true-breeding dwarf 
plants, only tall plants were produced in the 
F, generation. The results were the same, 
irrespective of whether the tall or the dwarf 
parent was the source of pollen. In other 
words, reciprocal crosses gave identical 
results. 

Principle of Dominance 

In his first major publication, Mendel 
described the results of seven pairs of con¬ 
trasting characters. He noticed that one 
charagten-from-each -of l the c o ntrasting-pairs 

the F, generation, w hereas the other charac¬ 
ter is not expressed and remains recessive 
(Table 17.1). In modern terminology, the 
pair of contrasting characters is known a s 
t he allelic pa ir and each member of such a 
pair' is called an allele of the other. Thus, 
round and wrinkled is an allelic pair and 
round is the allele of wrinkled and vice versa. 
By definitio n, glides are the alternative state s 
o fthe s ame, gene. There may be more than 
two alleles of a particular gene. 

Mendel allowed the F t plants to pollinate 
themselves and raised the second filial (F 2 ) 
generation. He noticed that although there 
is no trace of the recessive character m the 
first generation, it makes its appearance in 
the second generation (Fig. 17.2). Thus, the 
recessive character is not lost. It is simply 
not expressed in the presence of its dominant 
allele. A numerical' analysis of the F 2 
progeny revealed thaftliree quarters (3/4) of 
them expressed the dominant character and 
the remaining-one quarter (1/4) expressed 
recessive trait (Table 17 2). For example, 


when the F 2 generation was raised from the 
tall and dwarf plants, Mendel obtained a 
total of 1Q 64 plant s. 787-of which were tall 
and 277 dwarf, * All crosses yielded similar 
results. The ratio of plants with the dominant 
character to the plants with the recessive 
character was always close to 3 : 17 
A cross made to study the pattern of 
l nheritance of a single pair of alleles is kn own 
as a monohybrid c ross and the ratio obtained 
is called the rmnohybrid-xQtio. Mendel 
performed seven different monohybrid cros¬ 
ses and in each case obtained a monohybrid 
ratio of 3 • 1 in the F 2 generation. 

Principle of Purify of Gametes 
Mendel raised Fj and subsequent genera¬ 
tions and obtained expected results. The 
plants which exhibited the Tecessive character 
in the F 2 generation bred true, i.e , their 
p rogeny maintained their characters fr om 

plants which exhibited the dominant charac¬ 
ter, one-third turned out to be true-breed ing 
an d twmthirds yielded Offspring which~3ls~ - 
played th e d ominant and recessive characters 
i n the ratio of 3 : 1 (Fig 17.2). For example, 
among 565 plants which were raised from 
round seeds of the first generation, 193 
yielded only round seeds, whereas 372 
produced both round and wrinkled seeds in 
the ratio of 3 : 1. Thus, the 3 :1 F 2 ratio is 
.afctually a 1:2 1 ratio in which the first and 
the last groups aie true-breeding for domi¬ 
na nt and recessive chaoxHcrsTrespectively. 
Fifty per cent of the total progeny, belong¬ 
ing to the middle group, are hybrid, ton- 
t amine both dominant and recessive char- 
actcrs. but e x press only the do minant one. 

On the basis of these results, Mendel 
postulated that e ach gamete produc ed by the 
p arent plant contains one factor~Tor o ne 
cha racter, A diploid individual carries two 
factors for eaclTcKaracterTn cacti ofjjtsjSIIs. 
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TABLE 17 2 


Mendel'a Results of Monohybrid Ctosm* in the Garden,Pee 


Parental cross 

r , progeny 

F t progeny 

Ft Ratio 


Round X wrinkled seeds 

All round 

5,474 round 

1,850 wrinkled 
7,324 total 

2.96 : 1 


Yellow x green seeds 

All yellow 

6,022 Yellow 

2,001 green 

8,023 total 

3.01 :1 


Coloured X white flowers 

All coloured 

705 coloured 

224 white 

929 total 

3.15 :1 


Inflated X constricted pods 

AH inflated 

8S2 inflated 

299 constricted 
1181 total 

2.95 :1 


Green X yellow pods 

All green 

428 green 

152 yellow 

580 total 

2.82 :1 



Axial x terminal flowers All axial 651 axial 3.14:1 

207 terminal 
858 total 


Tall X dwarf plants All tall 787 tall 

277 dwarf 
1064 total 


parent will carry only one c gene. Fusion of 
these two types of gametes will result in a 
zygote with one gene of each kind (Cc), 
irrespective of whether the dominant or the 
recessive parent is the source of pollen, 
Plants with both the alleles will produce two 
types of gametes, 50 per cent carrying the 
dominant allele and 50 per cent carrying the 
recessive allele, - I n d i v idim.is_Jia ving tw o 
differen t alleles of the same gene (i .e., Cc) 
arc knownlts herterozygotes or to be hete ro¬ 
zy gous as they are ca pable of producing fw o 
differ ent types of g ametes. . Individuals, in 
which both the alleles of a gene are similar 
(for example, CC or cc), are known 


Ea ch factor maintains its identity throu gh 
successive pennra tibns and does not mix with 
othe rs. -Me ndel used letters of the alphabet 
as symbols for the factors — capital letters to 
symbolize the dominaut genes and small 
letters to symbolize the recessive ones. We 
can designate the factor for red flowers as C 
and the factor for white flowers as c A 
truo-breedmg red-flowered plant will carry 
two dominant factors (genes) for rednoss 
(CC), and the white-flowered plant will carry 
two recessive genes for whiteness (cc). Each 
gamete produced by the true-breeding red- 
flowered parent will carry only one C gene, 
whereas each gamete from, the white-flowered 


2.84:1 
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to be homozygous. Such individuals are progeny of the cross between pure red- and 
capable of producing only one type of pure white-flowered plants, there are only 
gamete and, therefore, on selfing or on two phenotypes (red and white) but three 
being fertilized by a similar gamete, produce possible genotypes (CC, Cc and cc). The 
the parental type of progeny^ in successive phenotypic ratio in Fj is 3 red: 1 white, but 
generations. In oth er swords, they are true_- the corresponding genotypic ratio is 1 CC: 
breeding. Homozygous dominant and 2 Cc. : 1 cc. Genetic representation pf one of 
helerozygous individuals look alike because many monohybrid crosses performed by 
in the latter case the dominant allele Mendel is given in Fig. 17.3. 
dominates over the recessive one. Thus, 

often, there is no one-to-one correspondence Principle of Segregation 

between the different possible genetic constitu- In order to explain the mode of inheritance 

tions (genotypes) and the possible appearan- of characters through successive generations. 



Fig 17 t Genetic representation of a monohybrid cross between red- and white-flowered plants. 
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factors during reproduction and their coming 
together during fertilization He suggested 
that the two alte rnative f actors-f&r-each 
character^becoine_scpa«ited.-duF-irrg-th(rfor- 
mation of gametes find each factor has an 
equal' chance'"&FT>eing lrahsfbrred to the 
offspring. Mendel took advantage of his 
training in statistics and used the law of 
probability to explain his results. Let us 
consider the cross between a tall ( TT) and 
a dwarf (tt) plant (Fig. 17.4) in the light 
of the probability theory. Since eachparent 
can contribute only ode kintLSTfacto E^o his 
offspring, thtr fi"'nr OReny must all be o f the 
same gchofi'eiL^ 

each parent is Tt and, therefore, the offspring 
can receive either factor j(X'Or m each 

parent. Depending upon which factor Is 
received from whicirparoftt,->the four possible 
combinations will be as follows: 

T from male parent, T from female 

parent — TT 

T from male parent, t from female 

parent — Tt 

l from male parent, T from female 

parent — Tt 

t from male parent, t from female 

parent — tt 

Each ^ offspring has _a n-euU«L'Cliance of 
receiving' eith?n'-? : -cu^X^ parent. 

Therefor e, the prob ability of recei ving This 
i, and"the~probab iiif T'of rebeivingd -is i. 
The j^babiht7~o r~feceivin g^ a p a,rtiyular 
combinationof-taci orf i i o aimj ffy-TSaLproduct 
of these ( Jndividua!—probabilities. The 
probabilities of the four types of F 2 progeny, 
therefore, will be the following: 

7T=irx iT=i 

Tt^iTxit^i 

Tt=itxiT=i 

tt = \tx ir=i 

Of the se. the first threa -ektsses-" will be 
phenotyjycally similar, whereas—©nbr the 
two classes'lq^ir^idffie^wlTPbeigenotypi- 


cally alike. Thus, the F 2 phenotypic ratio 
will be tali: dwarf =3 : 1 and the F 2 geno¬ 
typic raiio will be homozygous dominant 
(TT): heterozygous (Tt)' homozygous reces¬ 
sive (//)-1 :2:1. It is clear from these 
considerations that the members of each 
pair of alleles segregate from each other 
during the formation of gametes and arc 
randomly transferred to the progeny. 

Principle of Independent Assortment 

Besides emphasizing the phenomena of 
purity of gametes, dominance and recessive¬ 
ness of characters and factors, and segrega¬ 
tion of alleles during the formation of 
gametes, Mendel proposed the concept of 
independent assortment. He suggested that 
the i nheritance of one factor is unaffected by 
the inheritance o f the othe r. In other words, 
each gene is as sorted independently of the 
ot her during itsfpassage from one gene ration 
t o the o ther! Mendel arrived at this~conclu- 
sion after analysing the results of crosses 
between plants which differed in two charac¬ 
ters, rather than in only one. Crosses invol - 

cro sses, u ucentrast to a monohybrid cross in 
which only one character difference is 
involved. 

Mendel crossed pure-br eeding round and 
y ellow-seede d ( RRYY) plants with pure- 
breeding wrinkl ed- and .._gr ee u-s ee ded Jjryy) 
opes. All the Fj seeds were round and 
yellow ( RrYy ), as expected, on the basis of 
the dominance and purity of gametes. The 
F 2 seed were of four types and the numbers 
of each type were as follow: 


Round and yellow 

= 315 

Wrinkled and yellow 

= 101 

Round and green 

= 108 

Wrinkled and gieen 

= 32 


A closer analysis of these results reveals 
that Round: Wrinkled=423 :133 or 3:1, 
and Yellow : Green = 416 : 140 or 3:1. 




Fig. 17.4 £>iagrammatic representation of a cross between tall and dwarf plants, showing segregation 
of alleles at the time of formation of gametes 
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Three-fourths of the round seeds arc yellow 
and one-fourth green. Similarly, three- 
fourths of the wrinkled seeds arc yellow and 
one-fourth green In other words, three- 
fourths of the yellow seeds are round and 
one-fourth wrinkled, whereas three-fourths 
of the green seeds are round and one-fourth 
wrinkled. If we consider both the characters 

F: Round, yellow 

RRYY 

I 

l 

Gametes; RY—-- 

Fl* 


the following are the expected and observed 
frequencies on the basis of independent 
assortment of factors 1 

Round and yellow = i Round = iYcllow 
= 9/16 of the total —315 

Wnnkled and yellow = iWrinldedx 

Yellow = 3/16 of the total — 101 

X Wrinkled, green 

rryy 

i 


Round, yellow 
RrYy 


Male gametes-► RY Ry rY 


Female gametes-- 

1 

Round 

Round 

Round 

Round 

RY 

yellow^ 

yellow 

yellow 

yellow 

RRYY 

RRYy 

RrYY 

RrYy 


Round 

Round 

Round 

Round 

RV 

yellow 

green 

yellow 

green 

RRYy 

RRyy 

RrYy 

Rryy 

F j: 

Round 

Round 

Wrinkled 

Wrinkled 

rY 

yellow 

yellow 

yellow 

yellow 

RrYY 

RrYy 

rrYY 

rrYy 


Round 

Round 

Wrinkled 

Wrinkled 

ry 

yellow 

green 

yellow 

green 

RrYy 

Rryy 

rrYy 

rryy 


Phenotypic ratio: 

9 Round, yellow 
3 Round, green 
3 Wrinkled, yellow 
1 Wrinkled, green 

Fig 17 5 Results of a dihybrid cross between pure-breeding plants with round, yellow and wnnkled green 
seeds and Mendel's explanation of the mode of inheritance. 
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Round and green = i Round x i Green 
= 3/16 of the total —108 
Wrinkled and green = i Wrinkled x i 

Green = 1/16 of the total — 32 
Thus, a di hybrid cross yields four pheno¬ 
types in the ratio of 9 : 3 ■ 3 : 1. It can be 
represented as a product of two monohybrid 
crosses: 

(3 Round+1 Wrinkled) (3 Yellow + 
l Green) = 9 Round and Yellow + 

3 Round and Green+ 3 Wrinkled and 
Yellow + 1 Wrinkled and Green. 

These findings and explanations, .agree 
Quite well with the law of probability which 
states that the frequency of coincidence of 
two or more events is equal to the product 
of the frequencies of independent events. 
One of Mendel’s dihybnd crosses with gene 
symbols is presented in Fig. 18 5. Mendel 
-performed a trihybrid cross (a cross in 
which the parents differed in three characters) 
and obtained results predicted on the basis of 
independent assortment of factors 
Mendel’s hypotheses about the inheritance 
of factors agree quite well with what we now 
know about chromosomes, mitosis, meiosis, 
DNA and genes. A diploid organism posses¬ 
ses two full sets of chromosomes and men- 
delian factors (genes) Each allele is contained 


in one member of a homologous pair of 
chromosomes. During meiosis, at the time- 
of gamete formation, the members of a 
homologous pair of chromosomes separate 
and so do the pair of factors which control a 
character One allele and one chromosome 
of each pair are contributed through each of 
the gametes and, thus, the diploid number of 
chromosomes and the pair of factors are 
lestored. The factors are located on chromo¬ 
somes, the hereditary material of which is 
DNA Each homologous pair of chromo¬ 
somes assorts independently of the other and 
so do the factors 

Although Mendel’s experiments and con¬ 
clusions are the foundation stones of the 
science of genetics, their importance was not 
realized during Mendel's days. The experi¬ 
mental results were published in 1866 but 
no one paid any noticeable attention to these 
until three scientists, Hugo de Vries, Tschei- 
mak and Correns, working independently of 
each other and unaware of Mendel’s findings, 
arrived at the same conclusions in the begin¬ 
ning of the present century. They came 
across Mendel’s publication while hunting 
the literature and realized its importance. 
These scientists are known as rediscoverers of 
mendelism 


EXERCISES 


1 Why Mendel is known as the father of genetics ? 

2. Why did Mendel select the pea plant for his experiments on plant hybridization ? 

3. What will you get in F t and F 2 generations in the following crosses? 

(a) Pure tall x puie tall 

(b) Pure tall x pure dwarf 

(c) Heterozygous tall x pure tall 

4. Explain the following terms. 

(a) Allele, ( b ) Genotype, (c) Phenotype, (d) Heterozygote, and 
(e) Homozygote 



principles of inheritance 

5 Prepare a diagrammatic account of a dihybrid cross 

6. State the principles of inheritance that were discovered by Mendel. 

7 What is the meiotic basis of independent assortment 9 

8. Who were the rediscoverers of mendelisra? 

9. Why Mendel was crowned with success, whereas his predecessors failed to 
discover the basic principles of inheritance ? 
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Linkage and Crossing-over 


Mendel’s idea of the purity of gametes, the 
dominance of one allele over the other and 
the segregation of alleles still holds good. 
But the principle of independent assortment 
has been slightly modified This principle 
states that if we consider the inheritance of 
two or more factors at a time, their distri¬ 
bution in the gametes and progeny of 
subsequent generations is independent of 
each other Soon after the rediscovery of 
mendehsm T -U'-w as realized by Bateson and 
Pu nnet that there are only seven pairs of 1 
chro mosomes in Pisum sati vum (garden pea) 
which could show independent assortment 
But theie must be a large number of factors 
or genes that determine the various characters 
of this plant. If the genes are located on 
chromosomes, there must be many genes on 
each chromosome The genes situated on 
the same chromosome should not show 
independent assortment. On the other hand, 
they should be inherited together This fact 
was demonstrated by ^aigim m iQH) as a 
lesult of breedin g experiments in the f ruit-fly 
(Pi osepirttcun elmerrester^r- 
Drosophila melanogaster is a very suitable 
organism for gcnctical experiments because 
it can be grown in larg e num bers . aindei 


laboratory conditions, its generation time is 
o nly 10-12 days (as contrasted to one year in 
Pisum sativum), a largp-mumboF-ePprogeny 
are grodueed-after-r^ch mating The unequi¬ 
vocal proof of the location of the genes on 
chromosomes came from the experiments 
carried out with the fruit-flies by Morgan 
(1910) and Bridges (1916). Their task was 
made easier by the findings of earlier scien¬ 
tists that each cell of Drosophila Irs four 
pairs^f-ch romo io mes a nd that, m males the' 
two members of one of t hc_fouj Lpairs are 
morp holo^cally~diss imnar(Fig. 18.1) The 
three pairs of chromosomes, which are similar 
in male and female flies, are known as 

‘ pair 

MaJe 

fruit-flies have heteromorphic Sex-chromo¬ 
somes — X and Y. Females have two 
X-chromosomes. Human beings also have 
22 pairs of autosomes and one pair of 
scx-chronfosomcs — XX in females and XY 
in males. Thus, in fruit-flies as well as in 
human beings, all the eggs produced by 
females contain one X-chromosome each. 
But 50 pei cent of the sperms produced by 
males carry X-chromosomes, whereas the 
other 50 pei cent carry Y-chromosomes. 
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X Y 


Fig. 18.1 Male {left) and female {right) Drosophila 

Fertilization by the X-carrying sperm results 
in a XX-zygote, winch develops into a female 
progeny, Fertilization by the Y-canying 
sperm results in a XY-zygote, which develops 
into a male progeny. 

The morphological difference between the 
X- and Y-chromosomes of males enables 
one to trace their passage to males and 
females of subsequent generations. The 
X-chromosomcs of males are inherited by 
the females of the first filial generation and 
arc parsed on to the males of the second 
filial generation. In subsequent generations, 
they go from one sex to the other. This type 
of criss-cross inheritance is shown in Fig. 18.2 
in which the passage of the male X-chromo- 
some has been depicted up to the Second 
jeneration, Morgan noticed that certain 
characters, like the colour of eyes in Droso - 
phll a t show . criss-cmss inheritanc e! Normal 
fruit-flies have red eyes. Morga n cam e 
across a fly which had white eyes. fA erhss 
between t he ied-eyed females and -tnirwfiTte- 
eyed m^l es y i e lded only t he red-eycd-pwgnn y. 
Bu t.in F 1 ,. 25 per-dent nf the total or _50 per" 



X X 

flies with their chromosome complements (below) 

cent nf the male nroeonv were white-eve d. 
These results led Morgan to suggest that the 
g ene* for~ white eye colour in jbrosopftttir is 
located on the X-chromosome (because both 
of them show criss-cross inheritance) and 
th at the Y-chromosome of a male does not 
pr fssess th &_allcleZ pf this gen e, whereas the 
X-chromosomes of normal females do possess 
the"" dominant alleles which determine Th e 
re d eye characte r. The Fi females are 
heterozygous and, therefore, red-eyed. The 
results obtained by Morgan can be explained 
diagrammaticaJly if we put the gene for the 
white-eye character (iv) on the X-chromo¬ 
some of the male parent and the gene for the 
red-eye character (IF) on the X-chromosomes 
of the female parent. All the white-eyed flies 
of the second generation in Morgan’s experf- 
ment were males (although all the males were 
not white-eyed). The whi te-eye characte r, 
wax- alwavs~ttnkedto ihemale sex. 
Todate, about 150 sex-linked characters have 
been discovered in fruit-flies All these must 
be located on the X-chromosome. Heino^ 
phil ia, c olour blindnes s, and about 50 other 
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RED-EYED RED-EYED RED-EYED WHITE-EYED 

FEMALE female male MALE 


Fig. 18 1 Cuss-cross inheritance without and with ciossing-over from a heterozygous parent. 

characte rs_iii,humajubaingx-h ave-h pcn fouptl linked genes must be located on the chromo- 
to be sex-lin ked. C. B. Bridges, o ne of some that is associated with the determination 
Morgan’s students, provided further evidence of sex. The same is true of autosomes. Since 
to prove that ge nes are-located * m _akr/-,iru-,- there are far more genes than the number of 
somes. This was a very significant develop- chromosomes in an organism, many genes 
ment in biology and exemplifies how rcsear- must be located on a single chromosome. All 
chts in two diverse disciplines, contribute to the genes located on the same ch romosome 
the development of a fundamental concept, are said to be linked together becauseThff y 
Cytologies! observations of chromosomes tentTto get inherited together. Such a group 
and inheritance of characters were directly of “genes'” forms one linkage group. The 
correlated by Bridges in 1916 and this number of linkage grotlps can be determined 
heralded the beginning of the'science of by b reeding experiment sand corresponds t o 
cytogenetics. Before this, cytology and gene* the number of chromosomes which can be 
tics were developing as independent subjects, determined cytologically. 

Since there are many sex-linked .characters Breeding experiments carried out on Pisurn 
and only one sex chromosome, all the sex- sativum and Drosophila showed that even 
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linked genes do not always remain together vations have shown that during the prophase 
in successive generations. Cytological obscr- of meiosis I there is an exchange of parts of 



MEIOSIS II MEIOSIS II 



GAMETES PRODUCED WITHOUT GAMETES PRODUCED AFTER 

CROSSING-OVER CROSSING-OVER 

13.3 Types of gametes produced without and with crossing-over from a heterozygous parent. 
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chromatids between homologous chromo¬ 
somes This crossing-over results in an 
exchange of genes between ma ternal and 
pat er'naf chromoso mesTConsequently, besi¬ 
des the parental types, new types of gametes 
are produced Th ese gametes have n ew 
combi nations of penes on the same linka ge 
group — some genes from the male andsome 
(rornthe female parent The consequences of 
crossing-over are diagrammatically represen¬ 
ted in Fig. 18.3. Dominant genes A and B 
come from one parent and recessive genes 
a and b from the other parent. The hybrid is 
heterozygous and is capable of producing 
only two types of gametes (AB and ah) in the 
absence of a crossing-over between the two 
genes. On thc_ other hand, four type s of 

gametes (AB, ah . Ah and a B) are -ptoduced if 

there is a cro^smg-owiiJii^w^ two 
geaes^ Without crossing-over 1 _g£iiesj4 and 
B (or genes a and b ) remain linked and are 
passed on topeticrto the next generation. 
As a result of crossing-over, they get separa¬ 
ted and go to different p rogeny. Xhus. 
linkage and crossing-over are alterna tives of 
ea cFT oth er. Ifthe chance of linkage is the 
"same aslhat of crossing-over, i.e., if crossing- 
over occurs in only 50 per cent of the cases, 
four types of gametes with equal frequencies 
(AB~2S%‘ ab=25% Ab = 25% and aB= 
25 "o) are produced from a heterozygous 
individual. In such _a-si4aat ion, the genes 
show i ndependent assoct m ent ev « n - if they 
are on'SeTsame-ohruniosome, Thus, there 
is independent assortment of genes under the 
follo wing two s ituations' (l) If the genes 
a'-e siiuatecTon different chromosomes, and 
(2) If the genes are on the same chromosome 
but fair apart so that in 50 per cent of the 
gametes they get separated as a result of 
crossing-over. 

Mendel was lucky in the choice of charac¬ 
ters for his experiments because the seven 
characters studied by him were located on 


four different chromosomes and those which 
were on the same chromosome were very far 
from each other so as to allow their separa¬ 
tion in 50 per cent of the gametes. Although 
these facts were not known to Mendel, they 
were responsible for the results which led to 
the formulation of the principle of indepen¬ 
dent assortment 

If the genes located on the same chromo¬ 
some are close together, the frequency of 
their separation is l ess than 50 per cent 
Consequently, there is preponderance oflhT 
parental type progeny. In the extreme case, 
the two genes can be so close to g el her as not 
to allow any crossing-o ver. In such Tsj fiip., 
ti on, only the parental type of progeny is 
Dyoducedxy Pie farther the two genes are 
ap art on aH chromosome, the more likely is 
thtT occui xenar~of crossing-over be tween 
them.— In other ~~words. the frequency - of 
crossmawyer-j Z^ah index ot the ^rela tive 
di stances of the genes on a chromosomeo rnT 
the strength of linkage between them. The 
concept of crossing-over and linkage is 
based on the presupposition that genes are 
linearly arranged on a chromosome. The 
progeny with a new combination of charac¬ 
ters (i.e., other than parental) is known as 
the recombinant type. They are produced is 
a result of crossing-over or recombination 
during the formation of gametes in the 
parents The frequency of crossing-over can 
be determined cytologically by counting the 
number of chiasmata formed during 
prophase I of mciosis. The recombination 
percentage can be calculated by determining 
the frequencies of the parental and recom¬ 
binant types of progeny. It should be borne 
in mind that each crossing-over (or chiasma) 
results in two parental and two recombi¬ 
nant types of gametes (Fig. 18,4). This is so 
because at a particular cross-over point, only 
two chromatids are involved in exchanges of 
their parts and the other two are not. Thus, 
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parental 

RECOMBINANT 


CHI 


]~~J PARENTAL 


— o D O D 

Fi 18 4 Diagram to show that crossing-over results in 50 per cent parental and 50 per cent recombinant 
E types of gametes. 

in order to produce 50 pet cent recombinant the mother cells that undergo reduction^ 
gametes there should be crossing-over In all division. 
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It occurred to Morgan and Sturtevant in determining the frequencies of recombinants 
the second decade of the present century that This information can be used to construct 
the relative distances between the genes linkage maps of chromosomes, which can 
op a chromosome can be estimated by depict the order and relative distances 
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Fusion of nuclei and meiotic and mitotic divisions 

meat of ascospores. 


in an ascus resulting in the 2 : 2 : 2 


2 arrange- 
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betwwn various genes. Linkage maps can be 
likened to linear road maps which indicate 
the relative distances between various places. 
It is interesting to note that linkage maps can 
be constructed, without looking at the genes 
and chromosomes, simply by making suitable 
crosses and by analysing the progeny charac¬ 
teristics with care and caution. Drosophila 
(Fig. 18.5) and maize were the first organisms 
in which linkage maps were constructed. 
Now, of course, the linkage maps of a variety 
of plants and animals are available. Even in 
human beings, a species in which controlled 
breeding experiments within a limited span 
of time are not possible, pedigree analysis 
and newer techniques of statistics and bio¬ 
chemistry are being increasingly used, with 


the result that respectable linkage maps are 
now available and details are forthcoming 
with great speed. 

Crossing-over is the mechanismjbyjwhich 
paternal and maternal genes and chromo" 
somes ~are~ rc'isSortea'as _ T'result of theex^' 

r- - - - --— —---——— r——»— - 

change of part s of chromatids between 
homologous chromosomes. It occurs during 
pro^seToLmeiaS^when the homologous 
chromosomes are. -paired-4o._ea<ph other. 
Pgi ring-S tarts during z ygotene and is com¬ 
pleted_l^yjH iung^ _ 

During pachytene, it appears to consist of 
tw Qchromatid s. Thus, crossing-over occurs 
at a four-stranded stage. But at any given 
point only two of "the fo yr strands can be 
involved m cross ing-over. As a result of 


A 0 

B b 

DUPLICATION 

A “\Ao/“ a 

B |b b 

CROSSING -OVER 


At. 

■rv 


CROSSING-OVER 

X 


s 


PRODUCTS OR CROSSING-OVER 

a 


- 

A Q 

_ 

a A 

— 

A q 

— 


b B 


b b 


b B 




Fig. 18,7 Ascospore arrangements in Neurospora after 
{right) stage. 


crossing-over at a 4-itrnnd {left) and a 2-strand 
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meiosis, four nuclei are formed, each con¬ 
taining one of the four chromatids. In the 
fungus Neurospora, the four products of 
meiosis remain linearly arranged one above 
the other. As a result of mitosis, each one of 
them gives rise to two nuclei. All the eight 
nuclei differentiate into ascospores which 
lemain linearly arranged in a tubular ascus 
in the order in which they are produced. The 
ascospores are lined two by two (Fig. 18.6) 
because each pair has resulted from a mitotic 
division of a product of meiosis, By analysing,, 
the ascospores, the products of each meiosis 
and the orientations of chromatids during 
meiosis can be inferred, Neurospora is very 
suitahle for this purpose because this is one 


of the few organisms in which all the products 
of meiosis are viable, and can be lecovered 
and analysed. This point is well illustrated 
in Fig 18.7 The veiy fact that the two-by- 
two arrangements of ascospores are found in 
Neurospora shows that crossing-over occurs 
at a four-strand stage and only two of the 
four chromatids are involved in it at a given 
place. Had it been otherwise, there would 
have been only four-to-four arrangements 
Neurospora offers many advantages for gene- 
tical experiments because it can be cultured 
in defined media in the laboratory, it has a 
very short life cycle and its vegetative phase 
is haploid. 


EXERCISES 


1. What is linkage? What is its relationship with independent assortment and 
crossing-over? 

2. Why was Dtosophila chosen for most of the early experiments in genetics? 

" 3. How was it proved that genes are located on chromosomes. 

4. Draw the karyotypes of male and female Drosophila and highlight the diffe¬ 
rences between the two. 

5. What is criss-cross inheritance ? What is its importance ? 

6. What is a linkage gioup ? 

7. List the types of gametes produced fiom an individual of the genotype Ab/aB, 
with and without crossing-ovei between the two genes. 

8. What is the relationship between (a) the physical distance between two genes, 
(b) linkage between them, and (c) crossing-over between them. 

9. What is a linkage map? What is its basis? How can it be constructed? 

10. Draw the stages of the prophase I, showing the stage at which crossing-over 
occurs and the consequences of it. 

11. What is the evidence to prove that crossing-over occurs at the four-strand 
stage and not at the two-strand stage? 
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Genes are Linearly arranged on chromo¬ 
somes. Tho hereditary material of chromo¬ 
somes is a linear stretch of DNA or & 
sequence of bases. Genes, therefore, are 
nothing but a sequence of bases. Different 
genes have different base sequences Most of 
the genes are blue-prints for the synthesis of 
their complementary RNA. Some of this 
RNA is the structuial component of organel¬ 
les like ribosomes, 6ome act as tRNA 
molecules (transport amino acids from the 
pool to the site of protein synthesis) and some 
aic used as messengers for the synthesis of 
proteins, It is the last function of genes 
which was first recognised. While expei imen- 
tinjj with the bread-mould Neumpora rrassa, 
Beadle and Tatum found in 1948 that a 
heritable change in the structure of a gene 
can tcsult in the absence of the activity of 
an enzyme. On the basis of their results with 
this fungus, they-pi oposed the famous one 
gene - one - enzyme hypothesis which states 
that each gene is responsible for the synthesis 
of a specific protein or a particular enzyme. 
In recognition of their work, Beadle and 
Tatum weie awarded a share of the 1958 
Nobel Prize, Their contributions laid 
the foundations of biochemical genetics. 
Some tecent studies on the structure of 
proteins have shown that some of the 
proteins may contain more than one poly¬ 


peptide chain. Detailed genetic studies have 
shown that more than one gene may he 
responsible for the synthesis of a protein. 
Therefore, it is currently believed that one 
gene is tesponsibie for the synthesis of one 
polypeptide chain or that the statement "one 
gene-one polypeptide chain” is nearer the 
truth. Some scientists prefer to use the term 
‘cistron’ for the s tretch of base sequences that 
cod&sjor one polypeptide chain or mRNA 
transfer'R'NA (t’RNA) orribosomaT~RNA 
(rRNA) molecules which are responsible 
for synthesis of this chain, A cistron, there¬ 
fore, can be defined as a functional unit of 
the chromosome. 

VT* 1,1 1 . - - — ^ 

Genes or cistrons which contain genetic 
information for tRNAs, rRNAs and pro¬ 
teins (some proteins catalyze certain reac¬ 
tions and are known as enzymes, whereas 
others form structural components of cell 
organelle) are known as structural genes. 
The activities of many structural genes are 
controlled by regulator genes through 
operator genes (see the chapter on 
enzymes), 

Although details of gene expression have 
been worked out only recently, the fact that 
there is a close relationship between genes and 
enzymes was known just after the turn of 
this century. Archibald Garrod, a British 
doctor, discovered in 1909 that the inheritance 
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of alkapt onuria ifa man follows the pattern of pat ients have two defective genes, both of 
aTmendelian factor. Alka ptonurics _ have whidi*^contr5l“the~'forniatibh of inactive 
dajKolouted urine because of-the-prescj ice efizy mea,, 

i 9LalkaptQnr~Nofmal’ihdividuals possess an In most of the cases, genes have all or none 


ehzyme that cataly zes th e^jaxidation—of 
alkapton Jo—carbeS^S^de—and—skater. 
Alkaptonurics, therefore, have a pair of 
r ecessive or defective genes . Mendelian 
inheritance and enzymic defects of a number 
of inborn errors of metabolism were clear in 
the early part of this century. But a direct 
relationship between genes and enzymes was 
established as a result of investigations on the 
fruit-fly. It was shown in the 1930s by many 
scientists that the synthesis of a normal 
red-eye pigment in Drosophila involves a 
series of enzyme-catalyzed reactions and that 
there is a gene for each of these enzymes. 
Beadle’s and Tatum’s experiments with 
Neurospara were done against this back¬ 
ground and led to the formulation of the 
one-gene-one-enzyme hypothesis. Thus, 
genes control the cellular functiqn by 
synthesising the enzymes that catalyze the 
chemical reactions of the cell; these reactions, 
in turn, determine the phenotypic character¬ 
istics of an organism. 

Mendelian principles can be explained on 


effect. Single genes are as effective as two of 
them. Consequently, heterozygous and 
homozygous individuals ‘have similar pheno¬ 
types. There are many exceptions to this 
rule. Sometimes, genes have quantitative 
effects, e g., in Mirabilis-Jalapa^colout of 
the_floweft- Homozygous,. recessive plants 

he ar white flowem becarise-the-flower-pigrrient 
i s nol _ptoduced. Heterozygous plants are 
able to synthesise only half the amount of the 
pigment that is p roduced by homozygous 
d ominant plan ts. Consequently, they bear 
pink flowers — intermediate between red 
and white. In genetic jargon, the gene for 
red flowers in Mirabilis is incompletely do¬ 
minant over its recessive allele. Such a system 
offers a distinct advantage to scientists. Just 
at a glance one can distinguish between a 
homozygous dominant and a heterozygous 
individual. Moreover, in such a case, the 
genotypic and phenotypic ratios in F 2 and 
subsequent generations remain the same 
(Fig. 19.1). 

Many genes, like the gene for red flower 


the basis of enzymic functions of genes. The colour in Mirabilis, are not essential for the 
dominan{ _genes control the synthes is of survival of an organism. They do not 
acti ve polypept ides whereas the recessive control a vital function of the individual. As 
genes . code for incompTete or de fective a result, the homozygous recessive individuals 
(inactive) polypept ides. This is the reason are viable. In some cases, such individuals 
w hy the dominant alleles are able to expr ess a are not viable and, therefore, the expected 
p&t icular phenotype even m the presen ce of mendelian ratio is not obtained. The inheri- 
tbeit rar . es si v fr-c.r mrj , t erparts (for example, in tance of sickle-cell anemia in human beings 
a heterqzygous condition). Thus, homo- illustrates this point. This disease is caused 
Zygous normal individuals have two genes by a gene with a lethal effect in the homnzv-^ 
for active alkapton oxidase, one on each g ous condition and only a slight but detect- 
homologous chromosome. Heterozygous a ble effect in a het.erozvgo : us*S ate!'' , 'Tlig~ted 
individuals have one dominant .geae-which blood cells of 1 the carriers of this disease 
pro duces active _alkao hQn oxidas e, whereas assume sicklelike shapes under conditions 
the recessive ge ne produces an inactive for m of oxygen deficiency and occasionally show 
of^ this e nzyme. Homozygous recessive signs of mild anemia. The homozygotes 
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Fig, 19.1 Incomplete dominance in Mirabills resultmg in the same genotypic and phenotypic ratio in the 
F 2 generation. 
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generally die of fatal anemia before they 
attain sexual maturity. A marriage between 
two carriers, therefore, results in carrier- 
and disease-free children in a ratio of 2 :1 
(Fig. 20.2). 



gene. There are examples in which more 
than one gene may affect the development 
and expression of only one character. In 
Lathyrus odoratus (sweet pea), the flowers are 
purple in 'the presence of two dominant 



Fig. 19.2 Diagram of normal (left) and sickled (right) erythrocytes and the'inheritance of sickle cell anemia 
in human beings (as shown below). 

Sickle cell carrier X Sickle cell carrier 


(Hb A /Hb s ) 


l 4 

Disease free Carrier 

(Hb A /Hb A ) (Hb A /Hb s ) 

In some cases, the homozygous recessive 
in dividuals .are norm a l and the homozygous 
d ominant individuals die before maturity or 
iu jitafter. birt h. For example, matings 
between two mice with yellowish fur produce 
yellow and non-yellow in the ratio of 2 : 1. 
The zygotes homozygous for yellow aic not 
viable (Fig, 19.3). Yellow body colour is 
dominant over black (non-yellow). 

So far, we have discussed instances in 
which one character is controlled by one 


(Hb A /Hb s ) 


4 I 

Carrier Usually dies 

(Hb A /Hb s ) (Hb s /Hb s ) 

genes — C and P. In the absence of both 
iccpp) or either of the dominant genes 
(cc PP, cc Pp, Cc pp or CC pp), the flowers 
become white. The sclfed progeny of heter¬ 
ozygous purple (Cc Pp) segregate into nine 
purple and seven white (Fig 19.4), instead of 
the mendelian dihybrid F 2 ratio of 9: 3: 3:1. 
The purpl e colour of the flowers ojLsag gt 
neas. therefore, is the result of a comple¬ 
me ntary effect of the dominant alleles at two 
different loci, both of which segregate 
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Fig 19 3 Inheritance of body colour in mice. 
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Cp 
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White 


F 2 Phenotypic ratio = 9 Purple : 7 White 


Fig 19,4 Inheritance of flower colour in Lathyrus odoratus. Due to complementary genes, the F 2 phenotypic 
ratio of 9 : 7 is obtained, 
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independently of the other The extracts of 
white flowers appear colouilcss, but if the 
extracts from plants with different dominant 
genes are mixed together, purple colour 
develops. This indicates that the products 
of genes C and P are able to interact complc- 
mentarily even in the test-tube. Alternatively, 
anthocyamn (the coloured pigment) is the 
product of two biochemical reactions, the 
end-product of one forming the substrate 
for the other 

Gene 1 Gene 2 

A - B - Anthocyanm 

Evidence's from studies on Drosophila, 
Ncui o \pora, E. coii and a variety of other 
organising have proved beyond all doubt 
that the expression ot a particular character 


is the net result of a series of enzyme-mediated 
biochemical reactions, each one of which is 
gene-controlled, For example, the amino 
a cid tL \Lpicmh.ia-in_£_coh-is-^.vatl ic xiTnTTTrAA 
c horismic acid as a result of four sequent ial 
e nzyme-catalyzed reactions w hich are shown 
with arrows mlFig. 19.5. The numbers 
represent the genes which code for the 
various enzymes A def ect in a partic ular 
ge ne acts as a barrier or block m the r eaction 
sequence. A strain with any one or more of 
IftTfour blocks is unable to synthesize trypto¬ 
phan and requires it for growth. Thus, the 
phenotypic expression of a number of genes 
is the same in this example 

In some cases, a single gene defect is 
expressed in a variety of characters, although 


Chorismic acid 
i 1 


Anthraniiic acid 

i 2 


Carboxyphenylamino deoxynbulose phosphate 
( CDRP ) 

I 3 


Indole glycerol phosphate 


Serine- 


4 


Tryptophan 


Fig. 19.5 Biosynihesis oi trypiophan 1 from chorismic acid in E, coh, involving four enzyme-catalyzed 

reactions (arrows) lhat are controlled by genes 1, 2, 3 and 4. 
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the primary effect is only one. For example, spots in the axils of leaves. Su ,n genes with 
the gene for flower colour of sweet peas also multiple phenotypic effects ire known as 
controls the colour of seed coats and red pleiotropic genes. 


EXERCISES 


1. Which of these statements are true and which are false ? 

(a) Genes are composed of a linear sequence of nitrogenous bases. 

(b) Beadle and Tatum were awarded the Nobel prize for proposing the 
structure of DNA, 

(c) All genes are structural genes. 

(i d ) Sickle cell anemia has a lethal effect in a homozygous condition. 

2. What is a cistroa? 

3. What are the contributions of Drosophila and Neumpom genetics to the one- 
genc-one-polypeptidc chain hypothesis? 

4 Why the dominant genes express themselves in the presence of their recessive 
alleles? 

5. Do some genes have quantitative effects? Substantiate your statement with 
suitable examples. 

6. “A lethal gene disturbs the expected phenotypic ratio." Justify tills statement 
with a suitable example. 

7. What are complementary genes ? How are they inherited ? 



Chapter 20 


Mutation 


Charles Darwin .had postulated in his 
theory of evolution that the multiplication 
of individuals of a given species is accompa¬ 
nied with the origin of variation. Variation 
is essential for natural selection and struggle 
for existence. If all the individuals of a 
species in a population are alike, struggle for 
existence and natural selection cannot 
operate. - Variations in a population arise as 
a result of two different mechanisms: 
(i) recombination and (ii) mutation. As has 
been discussed in Chapter 18, crossing-over 
results in new combinations of genes. This 
results in a population, different members of 
which possess different sets of characters. 
The sum total of characters in a population 
remains the same, but their permutations and 
combinations result! in a diversity of 
genotypes and phenotypes. Mutation is 
another source of variation and, unlike 
recombination, results in the appearance of 
an altogether new character, Thus, mutation 
is the fountain-head of evolution. 

The mutation theor y was proposed hy a 
Dutch scientist. Hugo dpVrifla H<» was one 
of the three rediscoverers of mendelism. 

Just after the turn of the present century, 
he noticed many heritable variations in the 


plant Oenothera lamarckiana and postulated 
(1901) that these changes are brought about' 
by sudden and discrete changes in the germ- 
plasm of an organism, He also pointed out 
that these abrupt variations are important 
for evolution. Subsequent researches on a 
variety of organisms have shown that 
heritable changes can be brought about' by 
changes in the structure of genes or by 
changes in the number or structure of 
chromosomes. Abrupt and distinct changes 
in the structure of genes are known as point 
mutations or simply mutations. Point 
mutations or gene mutations are detected 
because they bring about a perceptible 
change in the phenotype of the organism. 
Mutations that fail to bring about any pheno¬ 
typic variation are lost undetected. It is only 
when a mutation occurs that wc know that 
a particular character is controlled by a 
gene. Sometimes, the effect of a mutation is 
not very drastic and there is no perceptible 
change in the character, Nevertheless, such 
changes go on accumulating and play an 
important role in the evolution of a species. 

A mutation generally results in the loss of 
a function. A change in the sequence of 
bases of a gene is reflected in an altered amino 
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acid sequence of the protein that it codes for. 
Such a changed protein may have reduced or 
no catalytic or functional activity. If an 
amino acid codon mutates to give rise to a 
nonsense codon, an incomplete polypeptide 
is synthesized. In both these cases, the nor¬ 
mal function of the gene is lost. For example, 
the flowers of a normal pea plant are coloured 
because the plant is able to synthesize the 
pigment as a result of a series of biochemical 
reactions that are catalyzed by various 
enzymes. A mutation in any one of the 
genes-that code for these enzymes will result 
in the absence of the flower pigment, thereby 
resulting in the production of colourless or 
white flowers, In a heterozygous condition, 
where the normal or the wild allele produces 
the pigment and the mutant allele is not 
capable of directing the synthesis of the 
pigment, each cell will possess the pigment. 
Such plants, therefore, will have coloured 
flowers. In other words, the mutant will be 
recessive to its wild type allele. Most of the 
mutants are recessive. Iri this example, the 
mutation of the wild type (coloured flowers) 
to white flowers is known as a forward 
mutation A forward mutation, by definition, 
is a mutation from the wild type (original 
type) to a new type. A mutation may occur 
in the reverse direction too, i,e„ from the 
mutant type to the wild type. Such a muta¬ 
tion is known as a reverse mutation. In the 
example given here, a reverse mutation will 
occur in the white-flowered plants to give 
rise to plants with coloured flowers. 

Forward mutation 

Wild type —-- Mutant 

Reverse mutation 

Mutations may occur in any cell — somatic 
or reproductive. Mutations in reproductive 
cells are passed on to subsequent generations. 
If the induced mutation is recessive, it is not 
expressed until it becomes homozygous. 
Mutations in somatic cells are lost with the 


death of an organism, unless such cells are 
preserved due to vegetative propagation. 
Haploids are better for mutation studies 
because in them all the mutations, whether 
recessive or dominant, are expressed, as 
there is only one allele of each gene present 
in each cell. Many mutations are lethal 
because they result in the lack of a vital 
function. Such mutations can be preserved 
and studied under suitable conditions. For 
example, the bacterium E. colt can synthesize 
a whole variety of amino acids, vitamins, 
proteins, sugars and fat's from the carbon 
and nitrogen sources and salts of a simple 
medium. This is possible as a result of the 
activities of various genes which code for the 
enzymes, proteins and RNA.S required for 
the various metabolic processes. It is possible 
to isolate the mutants which have lost the 
ability^ to manufacture a particular kind of 
amino acid or a vitamin or any other essential 
organic compound. This happens because 
of a heritable change in the gene which codes 
for an enzyme which catalyzes one or more' 
of the reactions leading to the synthesis of 
this organic compound. Such mutants are 
unable to grow in a simple medium but can 
grow if the compound which is not synthe¬ 
sized can be provided in the medium. Thus, 
a lethal mutation can be preserved under 
suitable conditions. 

The mutant strains of micro-organisms and 
higher plants and animals, which have lost 
the ability to synthesize one or more essential 
compounds, are known as nutritional mutants 
or auxotrophs, in contrast to the original 
wild type which is known as the prototroph. 
Gcnetical and biochemical studies of auxo¬ 
trophs and prototrophs have helped us a 
great deal in understanding the metabolic 
reactions and their control mechanisms in 
a variety of organisms. Nutritional mutants 
were first isolated in the bread mould 
Neurospora crassa by Beadle and Tatum in 
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Original codon sequence CAT CAT CAT CAT CAT 

Codon sequence after 

the addition of a single CAA* TCA TCA TCA TCA T. 

base 

Fig, 20 1 A lateral shift in the coding fiames due to the addition of a single base (A*). None of the 


codons remains in the same original posi 
1944. They were the first to suggest a 
correlation between genes and enzymes. 

Mutation is a r andom process and its 
frequency depends on the character and the 
organism studied. It is affected a great deal 
byTKeMivironmental conditions. The same 
organ or character may be affected by muta¬ 
tions in various genes. For example, in 
Drosophila, the fed eye can change its colour 
due to a mutation in any of the m>, v, rb, br, 
car, Iz or pr genes. At thejiame time, a single 
mutation or a mutation in a single gene may 
affect a variety of characters. For example, 
a si ngle mutation in Pisum sativu m changes 
the see d coat colour from grey to white and 
the flower colour from red to wh ite. Muta¬ 
tions wEicK have more than one" phenotypic 
e ffect are Known as nleiotropic mutatio ns. 

Spontaneous mutation frequencies are 
very low. Methods are now known to 
increase the rate of mutation by artificial 
means. Agents which increase the rates of 
mutation are known as mutagens. Early 
attempts at increasing mutation fiequencies 
by artificial methods were greatly handi¬ 
capped by the absence of suitable techniques 
of identifying and measuring mutation rates. 
As soon as these techniques were available, 
a number of mutagens were discovered. The 
first success came to Muller in 1927, who 
showed that the exposure of Drosophila to 
X-rays increases the mutation rate of some 
characters by about 150-fold He also 
noticed that within a certain range, increasing 
X-ray doses increased the mutation frequen¬ 
cies in Drosophila, The same was found 
to be true for barley (Stadler, 19281 
and, subsequently, for a variety of other 
organisms All forms of energy that disrupt 
the chemical structure of chromosomes, e.g. 
ultra-violet light, X-rays, gamma rays, beta 


rays, cosmic Tays, etc., have been found to 
be mutagenic in almost all the organisms. 
This is the reason why there is increasing 
public concern about the human activities 
that increase the background levels of 
environmental radiation Mutant cells can 
also be created through genetic surgery. In 
this process, the cells are grown in culture 
until they reach the late prophasc oi meta¬ 
phase stage when the chromosomes are most 
visible and then a fine laser beam is used to 
disrupt and delete selected parts of chromo¬ 
somes. 

A variety of chemicals have also been 
found to act as mutagens. Some of them 
react with the bases of DNA and convert 
them into unusual or abnormal bases 
(nitrous acid deanunates cytosine to uracil), 
thereby changing the code word. Some other 
chemicals resemble normal DNA bases 
(base analogoues like 5-Bromouracil) in 
structure and, therefore, get incorporated by 
mistake in the DNA chain, in place of the 
usual base, during DNA synthesis. This 
insertion causes mistakes during replication 
and ultimately leads to a heritable mutation 
in the gene. The third group of compounds 
(acridines) gets inserted in between two bases 
of a DNA chain and ultimately result in the 
addition or deletion of a few bases. This 
results in a lateral shift of the coding frames, 
thereby changing the whole lot of codons 
(Fig. 20.1). Such mutations are known 
as gibberish or frameshift because they 
result in a sequence of codons that 
code for a polypeptide chain which make 
no sense 

Some of the bases of a nucleotide chain 
are more prone to mutation than others. At 
the same time, some sites mutate much more 
frequently due to certain mutagens than due 
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to others. Mutagen specificity occurs for 
organisms, too. 

Mutations are useful for evolution of the 
species as well as for understanding the hasic 
principles of inheritance and cell metabolism. 
They are also of immediate use to mankind, 
Mutant varieties of wheat, which are dwarf, 
early maturing, resistant to various diseases 
and have better and more protein content, 
have gone a long way in ameliorating the 
miseries of mankind (Fig. 20 2). Mutant 
varieties of rice (Fig. 20.2) which are dwarf 
or which have many more tillers or long 
grains, are very popular with the farmers. 
Mutants with curved grams or lethal condition 
are useful for research workers, Almost all 
the varieties of crops that arc grown today 
arc spontaneous or induced mutants with 
better yield and have been derived from the 
pic-existing varieties. Various mutant strains 
of micro-organisms with better fermenting 
capabilities or with better yields of antibiotics 
or other useful compounds have been 
isolated and are being used in various 
indusuics The same is true of pets and 
cattle. The Ancon breed of sheep with very 
short legs aroso as a single germinal mutation 
from the normal variety. It is because of 
the usetulness of some mutants that a large 
number of research centres are engaged in 


the production and selection of mutant 
varieties of plants and animals. At the 
Agricultural Research Institute in Now Delhi, 
plants are grown in a large field which is 
shielded by a high wall and which has a 
source of gamma rays in the centre. 
After being exposed to the desired dose of 
gamma rays for the desired period of time, 
the plants are taken out and their progeny 
analysed for induced useful mutations, 

Once a suitable mutation is induced and 
detected in an organism, >t is multiplied and 
transferred to dcsiied individualsby eonti oiled 
bieedmg experiments Crosses between males 
and females are the conventional ways of 
transferring a character fiom one individual 
to the other. More recently, some novel ways 
have been developed to achieve this. The 
prospects and limitations of these techniques 
of genetic engineering have been dealt with 
in the last chapter of this section. All these 
techniques facilitate the best use of a mutant, 
once it is induced and selected. 

During recent years, there has been an 
ever-increasing sound concern about our 
ability to produce mutanls and to manipulate 
the genotype of an organism. Some countries 
have gone so far as to impose legal restrictions 
on some kinds of genetic manipulations. 


EXERCISES 

1. What are the sources of variation in a population? 

2. Why a mutation generally results in the loss of a function? 

3. Haploids are more suitable than diploids for mutation work. Why ? 

4. Write explanatory notes on the following; 

(a) Auxotroph 

(b) Prototroph 

(c) Mutagen 

(d) Reverse mutation 

(e) Pleiotropic mutation 

5. How can the frequencies of mutations Ice increased? 

6. Discuss the modes of actions of at least two mutagens. 

7. Are some mutations useful? Give specific examples. 

8. What are frameshift mutations? What is the effect of such mutations? 

9. Can a lethal mutation be preserved? 

10. Do all mutations that occur spontaneously get preserved in nature or do 
some of them get lost forever ? 
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Quantitative Inheritance 


It was mentioned in the previous chapter 
that mutations result in abrupt changes or 
discontinuous variations in the phenotype. 
Continuous variation occurs due to environ¬ 
mental variation. Generally speaking, this is 
true. But there are exceptions to the rule. It 
was F. Galton who suggested way back in 
1883 that many instances of continuous 
variation arc heritable rather than environ¬ 
mental, He was impressed by the fact that 
taller human beings produce taller children 
on the average. He suggested that characters 
like height and mental capabilities in human 
beings are heritable, although they show a 
continuous range of variation in a population. 
Galton’s postulate gained experimental sup¬ 
port when it was found that at least in some 
instances the same character can be deter¬ 
mined by more than one gene, each with the 
same but cumulative phenotypic effect. 
Quite a few quantitative characters like plant 
height, yield of crops (size, shape and 
number of seeds and fruits per plant), 
intelligence in human beings, milk yield in 
animals, etc., have been found to be deter¬ 
mined by many genes and their effects have 
been found to be cumulative. Each gene 
has a certain amount of effect, and the more 


the number of dominant genes, the more 
accentuated is the character. Quantitative 
inheritance is also known as polygenic 
inheritance or multiple factor inheritance. 

Experimental evidence for polygenic inheri¬ 
tance was first obtained by a Swedish gene¬ 
ticist, H. Nilsson-Ehle, in 1908. He found 
that the kernel colour in wheat is determined 
by three gene pairs: Aa, Bb and Cc. Genes 
A, B and C determine the red colour of the 
kernel and are dominant over their recessive 
alleles a, b and c which result in white 
kernels Each gene pair shows mendelian 
segregation. Thus, heterozygotes for one 
gene pair (Aa bb cc, aa Bb cc or aa bb Cc) 
segregate into three red and one white 
kerneled plant. Heterozvgotes for two genes 
(Aa Bb cc , Aa BB Cc or aa Bb Cc) segregate 
into 15 red and one white kerneled plant, 
whereas heterozygotes for three genes (Aa 
Bb Cc) segregate into 63 red and one white 
kerneled plant. But all the red kernels do 
not exhibit the same'shade of red Different 
genotypes show different degrees of redness, 
the intensity depending on the number of 
the dominant genes present (Fig, 21.1). 

Another common example of quantitative 
inheritance is the inheritance of skin colour 
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Parents 


Gametes 


*T 


Red 

AABB 

AB 


X White 

I aabb 


ab 

Medium 

AaBb 


Fj gametes —*■ 

1 

AB 

Ab 


aB 

ab 


1 

AB 

AABB 

AABh 


AaBB 

AaBb 
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Dark 


Dark 

Medium 


Ab 

AABb 

AAbb 


AaBb 

Aabb 
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Dark 

Medium 


Medium 

Light 


aB 

AaBB 

AaBb 


aaBB 

oaBb 
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Medium 


Medium 

Light 


ab 

AaBb 

Aabb 


aaBb 

aabb 



Medium 

Light 


Light 

White 

Summary of F, *» JL 

4 

Red :_ 

Dark : — 

Medium : 

4 

Light : 

White 

1 6 

1 6 

1 6 


1~6 


1 6 

Fig. 21.1 Results of a cross between a 

wheat variety with red kernels (homozygous 

for two dominant 


genes) and another variety with white kernels. Different genotypes show different degrees of 
redness 


in man. Melanin is the pigment which 
determines the colour of the skin. The moie 
the pigment, the darker is the sktn An 
analysis of the intensity of the pigments in 
individuals of diffeient races, their hybrids 
and subsequent generation progeny has 
revealed the polygenic nature of inheritance 
of the skin colour. The F! progeny of a 
cross between a white and a negro individual 
shows an intermediate colour of the skin In 
the second generation, the range of colour 
variation is more as is evident from the 
analysis of melanin percentage in 16 progeny 
of the second generation of white and negro 


parents (Table 211) On the basis of these 
results, Davenport (1913) proposed that skin 
pigmentation is determined by at least two 
pairs of alleles and that each dominant gene 
is responsible for the synthesis of a fixed 
amount of melanin. The effect of all the 
genes is additive and the amount of melanin 
produced is always proportional to the 
number of dominant genes. Subsequent 
studies have shown that as many as six genes 
may be involved in controlling the colour 
of skin in human beings. The pattern of 
inheritance of the skin colour in human 
beings is not easy to analyse because it 
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TABLE 21 1 


Genotypes and Phenotype® of the Second Generation Progeny of White (aa bb) and Negro (AA BB) Parents 


Genotype 

Frequency 

Phenotype 

Phenotypic 

ratio 

Percentage of 
melanin 

AA BB 

1 


Black 

1 

56-78 

Aa BB 

2 



4 

41—55 

AA Bb 

2 


Dark 



Aa Bb 

4 





aa BB 

1 


Intermediate 

6 

26-40 

AA bb 

1 





Aa bb 

2 ■' 


Light 

4 

12—25 

aa Bb 

2 





aa bb 

1 


White 

1 

0-11 



/--7-_ 

f~~rz 

f — 

. 
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% 


8 9 10 II 12 13 14 15 


Fl 



Fig. 21.2 Histograms showing ranges of variation of cob lengths in Tom Thumb, Black Mexican and 
their Fi and F 2 progeny. 
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changes under the influence of age, cosmetics 
and environment and the number of progeny 
of each marriage is finite 
The pattern of polygenic inheritance is 
easier to analyse in plants because, in them, 
controlled matings can be performed and 
because each cross results m a large number 


has been proposed that two gene pairs are 
involved in determining the length of cobs 
in maize. In the absence of the dominant 
genes, the cob length is 6.6 cm, as in the 
Tom Thumb variety Each dominant gene 
has the same effect on the cob length and 
adds to the basic length (6.6 cm) of the cob. 


16 8 (average of Black Mexican)—6.6 (average of Tom Thumb ) 
" 4 (number of genes for cob length) 


= 2.55 cm (contribution of each gene) 


of progeny which can be subjected to statisti¬ 
cal analyses. One of the earliest and most 
thoroughly studied cases of quantitative 
inheritance in plants is the inheritance of cob 
length in maize. Emerson and East (1913) 
crossed the Tom Thumb variety with the 


This is evident from Table 21.2 which gives 
the cob lengths of different genotypes of F 2 
progeny of a cross between the Tom Thumb 
{aa bb) and the black Mexican (AA BB) 
variety. 


TABLE 21 2 


Average Cob Lengths of Different Genotypes of the F 2 Progeny of 
a Cross between the Tom Thumb and the Black Mexican Varieties of Maize 


Genotype 

Relative frequency 

Cob length in cm 

Phenotypic ratio 

AABB 

1 

16.8 


1 

Aa BB 

2 

14 2 



AA Bb 

2 

14.2 


4 

Aa Bb 

4 

11.7 



aa BB 

1 

11.7 


6 

AA bb 

1 

11.7 



aa Bb 

■ 2 

9.1 ] 


4 

Aa bb 

2 

9.1 

: 


aa bb 

1 

6.6 


1 


black Mexican variety. The cobs of Tom 
Thumb were 5 to 8 cm (average=6.6 cm) 
long, whereas the cobs of the black Mexican 
variety were 13 to 21 cm (average = 16.8 era). 
Emerson and East found that the F t progeny 
had cobs of intermediate length, ranging 
from 9 to 15 cm (average=12.1 cm). But in 
F 2 , there was a wider range of variation, 7 
to 19 cm, the average lying close to the 
The extreme phenotypes extended into the 
respective ranges of the two parental strains 
(Fig. 21.2). On the basis of these results, it 


In all cases of polygenic inheritance, 
extreme phenotypes are rare and the inter¬ 
mediate ones ate more frequent. As the 
number of segregating alleles increases, the 
chances of getting F z progeny similar to 
either parent decreases and the number of 
intermediate classes increases. 

If the results of polygenic inheritance ate 
plotted as a histogram to show the distribu¬ 
tion patterns of various classes, in subsequent 
generations the difference from the pattern 
of a mendelian segregation becomes very 
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obvious. In a typical monohybrid mendelian 
segregation, the two parents fall in two 
distinct phenotypic classes — homozygous 
dominant and homozygous recessive. In 
due to the dominance of one allele over the 
other, all the progeny show one of the 
parental characters. The second generation 
shows segregation of the dominant and 
the recessive phenotype in the ratio of 3 :1. 
On the other hand, i n the case of a polygenic 
inheritance the parents fall into two distinct 
classes, but the F, shows an intermediate 
character because of the dilution of the 


dominant genes. The F 2 shows a still wider 
spread. A diagrammatic comparison of a 
monohybrid mendelian segregation (mono¬ 
genic) and a polygenic inheritance is shown 
in Fig. 21.3. 

A ^comparison of the histograms showing 
the phenotypic distribution of F 2 of one, 
two and three gene segregations (Fig 21.4) 
shows that the greater the number of segre¬ 
gating genes, the wider is the spread. Thus, 
from the nature of frequency distribution 
one can have some idea about the number of 
genes involved in polygenic inheritance. 


MENDEL (Peas) 



'KOLREUTER (Tobocco) 





Fig. 21,3 Graphic comparison of the results of monogenic {left) and polygenic {right) inheritance. The 
top row shows the phenotypic distiibution of parents, whereas the middle and bottom rows 
show the phenotypic distribution of Fj and F 2 progeny, respectively, 
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Many examples of polygenic inheritance 
are known in plants and animals. Most of 
them are concerned with easily recognisable 
quantitative characters. It is generally 
believed that during evolution there was 
duplication of chromosomes or chromosome 
parts, thereby leading to multiple copies of 
the same gene. 

Some of the quantitative characters are 
controlled by single genes as well as by more 
than one gene in an additive or cumulative 
fashion. For example, the tall character in 
sweet pea is conti oiled by polygenes as well 
as by a single gene pair. There is a range of 
variation between tall and dwarf plants due 
to different numbers of dominant genes in 
different phenotypes. At the same time, a 
single mutation in the tall plant may result 
in a dwarf individual. 


Fig 21.4 Histograms showing the phenotypic 
distribution of P 2 with one, two and three 
i- segregating gene pairs. 


EXERCISES 


1. What led Galton to suggest that some of the heritable variations are continuous 
rather than discontinuous ? 

2. Discuss an example of polygenic inheritance 

3. Describe the pattern of inheritance of the skin colour in mice. 

4. Why is it easier to analyze the pattern of inheritance in plants than in animals ? 

5. Highlight the differences between the patterns of monogenic and polygenic 
inheritance. 

6 How can the nature of frequency distribution give some idea about the number 
of genes involved in polygenic inheritance ? 



Chapter 22 


Human Genetics 


Mendel’s principles of inheritance are appli¬ 
cable to all living organisms. Man is no 
exception Other basic principles of genetics, 
as discovered by experiments with bacteria, 
fungi, fruit-fly, maize, etc, are equally 
applicable to human beings. During early 
years of genetics, man was not a suitable 
organism for studies on inheritance because 
he is not amenable to controlled breeding 
experiments, the number of progeny of each 
mariiage is small and the life cycle is too 
long Most of the early gcnetical investiga¬ 
tions, therefore, dependecPon the pedigree 
analysis. But during recent years, newer 
techniques have been developed and we have 
been able to understand a lot about the mode 
of inheritance of a large number of charac¬ 
ters in human beings. The five basic approa¬ 
ches to human genetics are as follow: 

(1) Pedigree records these days are well- 
recorded and well-maintained. This helps in 
knowing whether a particular character is 
inherited or not. It is also easy to trace the 
transmission of a particular trait through 
generations. 

(2) The limitations imposed by the small 
number of progeny produced (brood size) 
have been overcome by the methods which 


can analyse the fate of characters in popula¬ 
tions Population genetics has emerged as 
a very useful and productive field of biology 
during recent years and has been used 
extensively in the study of human genetics. 

(3) The advent of biochemical genetics 
and the techniques to culture human cells in 
defined media in flasks, tubes and petti 
dishes, coupled with the techniques of soma¬ 
tic cell genetics, have helped a lot in under¬ 
standing the biochemical bases of inheritance 
of a number of traits. They have also helped 
in understanding the physiology of growth 
and development in human beings. 

(4) Human cytology has been made much 
easier. Until the year 1956, the correct 
number of somatic chromosomes in man was 
not known, But now it is possible to place 
man and mouse chromosomes in the same 
cell and it is also possible to selectively 
eliminate some of the chromosomes from 
such a somatic hybrid. 

(5) The hereditary basis of quite a few 
characters has been established by comparing 
the 'phenotypes of identical and fraternal 
twins. Identical twins come from a common 
zygote, by the separation of two-celled 
embryo into two independent cells, each of 
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which develops to form separate individuals. 
Identical twins, therefore, have similar gene¬ 
tic constitutions, except for rare chance 
mutations. Fraternal twins, on the other 
hand, arise from diffeicnt fertilizations that 
have occurred at the same time, In other 
words, fraternal twins come from a double 
ovulation. Such twins, therefore, are no 
more similai than any other brothers and 
sisters, and generally show similarities of at 
the most only 50 per cent of the characters. 


Thus, the characters winch show dissimilari¬ 
ties in identical twins are environmental 
rather than heritable. The degree of heri- 
tabihty in identical and fraternal twins can 
be analysed by statistical methods. 

Human genetic;, has advanced so much 
that people are talking about cloning human 
beings and tailoring the phenotype by genetic 
engined ing, Human genetics had its birth 
in 1901 when Sir Archibald Garrod, a British 
physician, pointed out that i nborn" error s of 



fig. 22.1 The chromosomes of 


a normal male The X- and Y-chromosomes are marked with arrows, 
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Fig. 22.2 The chromosomes of a normal female arranged in pairs. 
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Fig. 22.,3 The chromosomes of a normal male arranged in pairs. 
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metabo lism are gene-controlled an d are 
inieriteTma mendelian fashion . Since then, 
a large number of deformities, malformations 
and diseases have been shown to be inherited. 
Some of them have been shown to be gene- 
controlled, whereas others have been found 
to be associated with gross chiomosomal 
abnormalities, 

Human Chromosomes 

The number of somatic chromosomes in 
man was found to be 2n = 46 by Tjio and 
Lev an in 1956, Thus, each cell of our body 
contains 23 pairs of chromosomes (Fig, 
22.1). Of these 23 pans, 22 pairs are similar 
in males and females. These are called 
autosomes. Botli the chromosomes of the 
twenty-third pair are similar in females 
(Fig. 22.2) but dissimilar in males (Fig. 22 3). 
In males, one of the ehiomosomes o( this 
pair is long and similai to the twenty-third 
pair of chromosomes of females, but its 
partner is small In both the sexes, the 
twenty-third pair is known as the sex chromo¬ 
some pair. The female sex chro mosomes are 
kn own as XX ancTthe male as XY~ Each 
chromosome pair has a distinct morphology, 
as regards the relative lengths of its two arms 
and the position of the centromeie. The 
chromosomes can be artificially arranged by 
selecting the photographs of homologous 
chromosomes and by putting them side by 
side, diffeient paiis arranged in the order of 
their lengths, except the sex chromosomes 
which are placed at the end, This arrange¬ 
ment shows the karyotype or the relative 
moiphologies of chromosomes very cleaily. 
By this technique all the 23 pairs of human 
chromosomes have been properly identified 
and numbered. Any gross morphological 
change in any of the chromosomes can be 
easily detected. During recent years (since 
1969), techniques have been developed to 
stain the human chromosomes with fluores¬ 


cent dyes after vauous treatments. Different 
treatments result m diffeient banding patterns 
(alternate bands of stained and unstained 
regions) along the length of a chromosome, 
The banding pattern of a particular chromo¬ 
some remains constant for a particular treat¬ 
ment and each chromosome shows a unique 


Q G R C 



Fig. 22 4 Quinacrine (Q), giemsc (G), reverse of 
giemsa (R) and constitutive heteiochro- 
matin (C) bands of the three largest 
chromosomes of human beings. 
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pattern with the same treatment. This 
technique helps in identifying the various 
regions of individual chromosomes. At 
present, four different types of banding 
patterns are known, and they are known as 
Q, G, R, and C patterns according to the 
treatments to which the chromosomes are 
subjected (Fig. 22.4) Cytological studies of 
human chiomosomes have helped a lot in 
correlating various congenital malformations 
with abnormahues of chromosome number 
and structure. It has been estimated that 
chromosomal abnormalities are present in 
about four to five out of every 1000 live 
births and in one out of every five spontane¬ 
ous abortions. The chromosomal abnorma¬ 
lities may involve autosomes or sex chromo¬ 
somes. 



Fig, 22 5 An individual showing Down’s syndrome. 


Autosomal Abnormalities 

Mongolism or Down’s syndrome (Fig, 
22.5) was first reported in 1866. The affected 
children have a very broad forehead, short 
neek, fiat hands, stubby fingers, permanently 
opened mouth, projecting lower lip and a 
long extending tongue. The victim suffers 
fiom a malformation of the brain and, thus, 
has little intelligence. The deformities are 
also often found in the heart and other 
organs Although this disease was known 
foi quite some time, its leal cause was 
discovered only in 1959. It was found that 
the patients possess 47 chromosomes instead 
of 46, the twenty-first chromosome bein g 
pr esent - in three do ses! This small extra 
chromosome carries enough excess genetic 
mateiiai to disrupt the normal development 
and phenotype Down’s syndrome is a very 
common congenital abnormality and occuis 
almost once in every 600 births. It is now 
known that this exti a chromosome comes due 
to an error during the formation of the egg 
cell. The chromosomal studies have revealed 

that the mistake is due to thL.Mlil «_ gf 

sep aration of the iwcntv - fiist pair nf c hrnx no- 
someT ~3unng meios is Thus, an tgg is 
procluced with 24 Chromosome*, instead of 
23 Such delects occur mostly in the ovaries 
of aged women. This is the reason why such 
abnormal childien are born to mothers who 
are above ^0_ysrais-af2agc 

Like Mongolism, 1 seveial other kinds of 
disorders have been ieported, which are due 
to alternations in the chiomosome comple¬ 
ment, Most such frequent alternations in the 
chiomosome complement are due to an 
extra eighteenth (Edwards syndiome), first 
(Patan’s iynfrrome) and eighth, ninth or 
thirteenth chromosome. The absence of one 
of the 'twentieth chromosome pair, so that 
each cell has only one chromosome of this 
type, also results in congenital malloima- 
tions. Sometimes, only parts of chTomosom<9 
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are missing or aie in excess in mentally 
retarded or phenotypically abnormal cases. 
For example, an excess of a part of the 
thirteenth or fifteenth chromosome has been 
found to be associated with various pheno¬ 
typic aberrations Exchange of non-homolo- 
gous segments between two chromosomes 
and inversions or deletions of parts of some 
cluoinosomes also result in various malfor¬ 
mations and reduced fertility. 

Sex Chromosomal Abnormalities 
Numerical aberrations involving sex chro¬ 
mosomes are much more frequent than the 
aberrations involving autosomes. Many 
well-known syndromes have been found to 
.be associated with changes in the number of 
sex chromosomes, which can be classified 
into the following four types: 

(a) Presence of only one X-chromosome in 
females or Turner’s syndrome (XO). 
Such females are characterized by short 
stature, retarded sexual development, 
sterility, webbing or looseness of the 
skin of the neck and other abnormalities, 
It occurs with a frequency of one in 
every 3000 new births. 

(b) Presence of extra X-chromosomes in 
males or Klinefelter’s syndrome (XXY, 
XXXY, XXXXY, XXYY, XXXYY, 
etc.). Such males are characterized by 
feminized secondary sexual characters, 
long limbs, sterility, degeneration of 
seminiferous tubules, limited intelligence 
and mental retardation. The greater the 
number of X-chromosomes, the severer 
is the mental defect. 

(c) Presence of extra X-chromosomes in 
females (XXX, XXXX or XXXXX), 
thus resulting in 47, 48 or 49 chromo¬ 
somes in each cell. Such females show 
abnormal sexual development and mental 
retardation. The symptoms are more 


severe with the increasing number of 
X-chromosomes. 

(d) Presence of an extra Y-chromosome in 
males (XYY). Such individuals have 
unusual height, mental retardation and 
criminal bent of mind Their genitalia 
are affected by developmental abnorma¬ 
lities. 

The nature of the syndrome can be easily 
determined by sex chromatin or Y-body 
analysis from the buccal mucosa and epithe¬ 
lial cells from hair roots. One of the two 
X-chromosomes of a normal female 
becomes heterochromatic and appears as 
a chromatin body (stainable by orcein) in 
the interphase nucleus (Fig. 22.6). This body 



A B C 


Fig. 22.6 Barr bodies in diploid cells of human 
beings. A. A cell from a normal male 
has no Barr body. B. A cell from a 
normal female has one Barr body. C, A 
cell from an individual with three 
X-chromosomes has two Barr bodies. 


is know n a s the Ba rr body. The interphase 
nuclei of males ""So not have this body 
because each ct4Mjns_m dv -a n e- X »c hromo- 
s ome. In cells" with a higher number of 
X-chromosomes, the number of Barr bodies 
increases correspondingly. Thus, cells with 
thre e X-chromosomes have two Barr b odies. 

Barr bodies, and so on. Similarly, the num¬ 
ber of Y-chromosomes also can be deter¬ 
mined in the interphase cells because the 
Y-chromosome has 'a brightly fluorescent 
band on its long arm which appears as a 
fluorescent spot under ultra-violet light m 
the interphase nuclei that are stained with 
quinacrine dyes. Thus, the number of Y- 
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and X- chromosomes associated with various 
abnormalities can be determined by counting 
the number of Y spots and Barr bodies in 
the interphase nuclei (Table 22 1). 

Abnormalities Due to Multiple Sets of 
Genomes 

Normal human beings are diploid (2n=46) 
with two sets of genomes. Sometimes, more 
than two sets are present. Individuals with 
3 (3n = 69), 4(4n = 92) and 8 (8n = 184) sets 
of chromosomes show many phenotypic 
abnormalities. 


common examples of sex-linked disorders. 
The special feature of sex-linked inheritance 
can be understood by studying the transmis¬ 
sion of hemophilia. 

The X-chromosome of males and females 
has a^ gene which controls the production of 
a vital factor required for the quick clotting 
of blood during bleeding. Males have only 
one X-chromosome in each cell and, there¬ 
fore, only one gene of this kind, which 
produces the coagulant. Sometimes, this 
gene mutates and the production of this vital 


TABLE 22.1 


Number of Barr Bodies and Y Spots, and Phenotypes pf 
Human Beings with Different Constitutions of Sex Chromosomes 



Number of 

Number of 


Sex chromosome 

Barr bodies 

Y spots 

Phenotypes 


Female 


XO 

0 

0 

Turner’s syndrome 

XX 

1 

0 

Normal 

XXX 

2 

0 

Super female with mental abnormalities 

XXXX 

3 

0 

Super female with mental 
abnormalities 

xxxxx 

4 

0 

Super female with mental 
abnormalities 

Male 

XY 

0 

1 

Normal 

XYY 

0 

2 

Normal 

XXY 

1 

1 

Klinefelter’s syndrome 

XXYY 

1 

2 

Klinefelter’s syndrome 

XXXY 

2 

1 

Extreme Klinefelter’s syndrome 

XXXXY 

3 

1 

Extreme Klinefelter's syndrome 


Abnormalities Due to Gene Mutations 
Various diseases in human beings are 
caused because of mutations leading to loss 
of functions or abnormal functions of some 
of the vital genes. Mutations may occur in 
genes of sex chromosomes or of autosome. 
In the formet case, the affected "trait shows 
sex-linked inheritance or is expressed in a 
particular sex only. Hemophilia and red- 
green colour blindness are some of the 


factor is hampered. As females have XX- 
chromosomes, the defect in the gene of one 
of these chromosomes is not expressed in the 
presence of the wild type allele on the other 
chromosome and the individuals remain 
unaffected. But such females are carriers of, 
the disease (XX h ). A carrier female married 
to a normal male (XY) can produce the 
following type of progeny: XX, XY, X h X 
and X h Y (Fig. 22.7). X and XY progeny 
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XX* XY 

Parents Carrier female Normal male 


Gametes 


l 

XX 

Progeny Normal 

female 

Fig. 22,7 A pedigree to show sex-linked inheritance of hemophilia m human beings. 

will be normal female and male, respectively, gene, and once arisen, it is transmitted 
X^X will be a carrier female and X h Y will be through innumerable generations until it is 
a hemophiliac male, because th e Y-chrom o- lost as a result of buck mutation or due to the 
some of the male does not have the cort es- death of the carrier or the patient. 

pon ding gencJ o_caunt<^ Disorders Due to the Incompatibility of 

on jRFX^cKmmoso nie. Many X-chromo- Genes 

some genes do not have their alleles on the So farj we have discussed about heritable 
Y-chromosome. Females become hemophi- disorders which are caused by changes in. the 
liac only when both-the.. X-chrom osomes nuni her of chromosomes or due to addition, 
carry the_gsneJoiLheHwphiha (X h X h ). This i oss or change in the arrangement of chromo- 
will happenjf a catriei ( X X) or hemophilias some segments of set of genes of due to 
(XJC h ) female is married to.il hemophiliac mutations in genes. Disorders can also be 
maleJ X Y). jn the form er case, only 50 per^ caused as a result of the union of normal 
ceirt pf the fem ale p rogeny will be hem o- gametes from normal parents. In other 
pjuliac^ But in the latter case, all the female words, normal parents can have abnormal or 
progenv_wi ll be hem ophiliac. lethal children. This happens because of the 

Hemophilia is commonly known as the incompatibility of the genes of the two 
“bleeder’s disease”. It is now known that parents. 

there are two kinds of hemophilia: (1) Hemo- No two human beings are exactly alike 
phiha A due to the lack of anti hemophili c because different persons contain different 
gl pbulin^ and (2) Hemophilia B due to the sets of genes. The genes direct the synthesis 
lack of.p lasmathromboplastin. Up to this of chemical substances. Therefore, the 
date, no permanent cure is kndwn for hemo- chemical substances of two individuals are 
phjlia. Hem ophilia is a sex-linked charac ter also not exactly alike, Disasters come when 
becau se it .1LJ nhifited--4hfe ugh sex two individuals, carrying different mcompa- 
chroirnisome. It passes from the carrier tible chemical substances, are married. Of 
moth er to jhe son. Hemophilia aiises as a the various chemical substances, two are well 
resuirofXr ecessive.mutation in a wild type known for bringing about such defects: one 




human genetics 


149 


is the Rh factor and the other is the ABO individuals are Rh-ncgative. Rh-positive as 
blood group. Both, the Rh factor and the well as Rh-negativo individuals are pheno- 
blood group, are genetically controlled and typically normal, The trouble arises when 
specify the characteristics of the blood, the blood of a Rh megative in dividual comes 
Simple chemical tests of the blood are in . contact with the blpo tTof !T K1> poiffivo 
available to characterize it with a view to indMduaT, cither - dtii!o~blood transfusion or 
finding out its compatibility with another during pregnancy. 

sample of the blood. If the blood of a Rh-negativc person is not 

Rh Factor; It was discovered in 1940 that in earlier contact with the blood of a Rh- 
the surface of the red blood cells in some positive person, the first transfusion of the 
individuals contains a protein which is also Rh-positivc blood will not do any harm, 
present in the blood of Rhesus monkey (that since the Rh-negative pci son grows anti-Rh 
is. why it is called the Rh factor). About 85 fac tors in his own body. But if the second 
per cent of the American population possesses transfusion ofthe^Rh-positive blood is given, 
this factor or is Rh-positive (Rh + ) and about immediately the already g rown anti- Rh 
15 per cent lacks it or is Rh-negative (Rh"). fa ctors will attack the donor's blood. The 
Genetical studies have shown that the situation may be wors?Tr~a~R¥n cg;itivo 
Pfi myntj or ) of th e Rh protein k qpnfrnllcd by pregnant woman has a Rh-positive SUby in 
a dominant-gene, which has been designated her womb (Fig. 12.8). if she did riot have 
as R. Therefore, RR (homozygous domi- any previous contact with the Rh-positive 
nant) and R r (heterozygous) individuals are blood either through blood-transfusion or 
Rh-positive and rr (homozygous recessive) through previous pregnancy, her first child 
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-will be safe. The Rh-positive blood from has any two of these three alleles. Thus, the 
the foetus will only stimulate the production genotypes of the above-mentioned four blood 
of anti-Rh factors in the mother’s blood, groups will be as follow: 

Enough anti-Rh factors will not be produced Blood Group A — L A L A or L A L° 

during the period of pregnancy and the first Blood Group B — L B L B or L B L° 

child will escape the danger. At the time of Blood Group AB — L A L B 

the second pregnancy, if the child is again Blood Group O — L°L° 

Rh-positive, the anti-Rh factors from the Like the individuals with different Rh- 

mother’s blood will attack and destroy the factors, the individuals of different blood 

red blood cells of the embryo. Consequently, groups are perfectly normal. But the incom- 
the child will be anaemic and will show patibility of some groups is expressed either 
various kinds of developmental ahnormaii- during blood-transfusion or during preg- 
ties. For the sake of simplicity, only two nancy. Table 22,.2 shows the various combi- 
variations of the Rh-factor have been nations of blood groups that are tolerated, 

described hore. In fact, there are many It is clear from the table that Blood 

more. Each variant is controlled by a Group AB can receive the blood from any 
different allele and is heritable. group but can donate only to its own group. 

ABO Blood Group: In addition to the The individuals of this group are, therefore, 
Rh factor, the surface of the red blood cells known as universal recipients. Similarly, the 
of man may contain other types of proteins individuals of Blood Group O are universal 
called A and B. According to the presence donors. Universal recipients and donors are 
or absence of these proteins, human beings so, provided the Rh-factors are compatible, 
may be of the following blood groups: Transfusions of the blood of incompatible 

(1) Group A — having only protein A and groups result in serious reactions. The 

the anti-factor for B. incompatibility of blood groups results in 

(2) Group B — having only protein B and more serious trouble during pregnancy, For 

the anti-factor for A. example, the foetus of Group B in the body 

(3) Group AB — having both A and B of the mother having Group A is attacked by 
proteins and the anti-factor for none, the anti-factor B of the mother. This leads 

(4) Group O — ha ying neither A nor B to abnormalities like anaemia, jaundice, etc. 
protein but having the~anti-IaCtor for The knowledge of the mode of inheritance 
rh fffe -—atjd genetic control of various human 

These blood groups are controlled by disorders helps in preventing and eliminating 
various forms of the gene L, which can be of them. Some of these aspects have been 
three kinds: L A , L B or L°. Each individual discussed in the next chapter. 

TABLE 22.2 

Characteristics of Various Blood Groups and Tolerable Combinations 


Blood group 

Anti-factor 

present 

May donate 
blood to 

May receive 
blood from 

A 

Anti-B 

A, AB 

A, O 

B 

Anti-A 

B, AB 

B, O 

AB 

None 

AB 

A, B, AB, O 

O 

Anti-A and 

A, B, AB, O 

O 


Anti-B 
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EXERCISES 


1 . 

2 

3. 

4. 

5. 


6 . 


7. 

8 

9. 

10 . 

11. 


Enumerate the modern approaches to human genetics 

What is the difference between the karyotype of a man and that of a woman? 
How does this difference determine the sex of the child ? 

What do you mean by the banding pattern of chromosomes? How is it helpful 
in human genetics'? 

Name a few of the autosomal and sex-chromosomal abnormalities in man and 


indicate their chromosomal bases and symptoms. 

Write short notes on the following: 

(a) Barr body, (6) Turner’s syndrome, (c) Down’s syndrome, 

(d) Klinefelter’s syndrome, (e) Universal donors. 

With the help of a suitable pedigree chart, indicate the possible genotypes 
and phenotypes of the progeny of a marriage between a colour-blind man 


and a normal women. 

A recessive mutation is moie easily expressed in males than in females. Why? 


What is the Rh-factor? When is an individual Rh-positive? 

What happens when a Rh-negative mother bears a Rh-positive child. 

What will be the blood group of the following genotypes? 

(a) L A L B , (6) L B L B , (<?) L°L°, (d) L A L°, and (<?) L B L° 

What will be the blood groups of the children of the following matings? 

(a) L a L b x L b L b , (b) L a L° x L a L b , (c) L a L b xL a L b , and (d) L°L xLL. 



Chapter 23 


Genetics and Society 


The knowledge gained from the study of 
the science of heredity and variation has 
been used for the improvement of plants 
and animals for the benefit of man. It has 
been used for tailoring the genotypes and 
phenotypes of individuals and populations 
to'suit human requirements. It has also been 
used to combat various human diseases and 
to improve the quality of life. Some of these 
achievements and future prospects are 
discussed in this chapter. 

Improvement of Plants 

Man is entirely dependent on plants 
because only the latter have the capacity to 
use solar energy for the synthesis of various 
organic compounds which are used by man 
and animals as sources of energy. The very 
survival of man is dependent on the quantity 
and quality of plant resources. It is, there¬ 
fore, not surprising that since time immemo¬ 
rial man has been trying'to improve the 
economically important plants. The scientific 
improvement of plants is known as plant 
breeding. As civilization progressed, man 
learnt to cultivate useful plants and he 
selected the seeds from the stouter and 
healthier plants for sowing in the next year. 


Thus, selection emerged as the earliest method 
of plant improvement. Even at present this 
method is practised on a large scale, but, of 
course, with a wider scientific background. 
Over the years, farmers of different regions 
have selected varieties of different crops that 
are suitable for local conditions. The greatest 
limitation of this method is that selection can 
bo made only from the range of genetic 
variability that is present in a population. At 
the same time, it is difficult to ascertain at 
the time of selection whether the improved 
phenotype is controlled by the environment 
or the genotype. This is ascertained only 
during subsequent generations. 

The other method of plant improvement 
is introduction. It is well established that 
each crop originated at only one, or a few 
locations in, the woild. Professor N. I. 
Vavilov of the USSR proposed that there 
are eight major centres of origin of cultivated 
plants: the Chinese Centre, the Hindustan 
Centre, the Central Asiatic Centre, the Near 
Eastern Centre, the Mediterranean Centre, 
the Abyssinian Centre, the South Mexican 
and Central American Centre, and the South 
American Centre. The bread wheat origina¬ 
ted in the Central Asiatic Centre, rice m the 
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Hindustan Centre and potato in the South 
American Centre. Most of the crops are 
now grown all over the world under varied 
conditions. This is because they were intro¬ 
duced in new areas by visitors and traders. 
For example, potato, maize and tobacco 
were introduced in Asia by traders from 
America. Some recent introductions in India 
include the dwarf rice variety (Taichung 
Native 1) from Formosa (now Taiwan), the 
International Rice-8 (IR-8) from the Philip¬ 
pines, and the triple gene dwarf wheat 
varieties (Sonora, Lerma Rajo, etc.) 'from 
Mexico. Norin, the gene for dwarfness, 
arose in Japan from where it was introduced 
into the USA, then into Mexico and later 
into India. 

With the knowledge of sexuality and ferti¬ 
lization in plants, the practice of hybridiza¬ 
tion started. The first successful plant hybrid 
was obtained by Thomas Fairchild in 1717, 
by crossing together sweet william and 
carnation. Rediscovery of mendelism during 
the early years of this century laid the foun¬ 
dations of scientific and aimed hybridiza¬ 
tions for the improvement of crops. At 
present, efforts are being made at national as 
well as international level to step up the 
quality and quantity of food in the face of 
increasing world population and dwindling 
resources. Judicious combination of intro¬ 
duction, selection, and hybridization has 
resulted in the development of improved 
varieties of almost all economically impor¬ 
tant plants. It will not be an exaggeration to 
say that all the cultivated land of the world 
is at present under scientifically improved 
varieties of crops. 

As a result of hybridization, the desirable 
characters of two or more species or varieties 
are combined together, or are transferred 
from one to the other. It involves emascula¬ 
tion or removal of anthers of female parents 
before dehiscence, its protection from un¬ 


wanted fertilization, and collection and 
transfer of the pollen from the male parent 
to the stigma of the emasculated flower. 
Unisexual flowers, like those of maize, do not 
need to be emasculated. Similarly, emascula¬ 
tion is not needed if the female parent is 
self-sterile or self-incompatible. Details of 
the various manoeuvres of hybridization 
depend on the structure and physiology of the 
floral parts. In maize, since the hybrids show 
increased vigour, they are grown as crops. 
In other plants, subsequent generations are 
raised from the hybrids and suitable recom¬ 
binants are selected, tested and multiplied 
before being distributed to the farmers. Hybri¬ 
dization accompanied with induced mutation, 
polyploidy and chromosomal aberration 
generates more variation m a population 




Fig. 23.1 Triucale— the man-made cereal, 




154 


biology 


and tins provides a wider choice for 
selection. As a result of hybridization bet¬ 
ween Wheat and rye, man has been able to 
synthesize a new cereal — Triticale (Fig 23.1) 
During recent years, many new techniques 
have been developed to transfer desirable 
characters from one organism to the other 
or to tailor the genotype of a given species, 
These are discussed later in this chapter 
under ‘genetic engineering’. 

Improvement of Animals 
India has a large number of livestock. 
Still milk, meat, egg and other animal 
products are in short supply because \vc do 
not have improved strains or breeds of 
animals in sufficient numbers, Controlled 
breeding between two desired breeds followed 
by judicious selection results in improved 
breeds. As the number of superior breeds 
available in our country rs limited, artificial 
insemination is resorted to. 

In order to improve the milk yield per cow 
and in order to have hard-working buffaloes, 
a large number of foreign breeds have been 
introduced into India. Some of these are: 
Jersey (England), Ayrshire (Scotland), Brown 
Swiss (Switzerland), Holstein, Freisian (Hol¬ 
land), etc. Improved hybrid varieties like 
Jersey-Sindiu, Ayrshire-Sahrwal, Brown 
Swiss-Sahiwal, etc,, have been developed 
after controlled breeding. The hybrid cows 
give much more milk than the pure breeds 
and the hybrid oxen are more hardy, labo¬ 
rious, energetic and agile. Of late, the 
Ayrshire-Sahiwal breed has become unpopu¬ 
lar because it loses the hybrid vigour in 
successive generations. 

Hybridization by artificial insemination 
was first introduced in India in 1944 at the 
Indian Veterinary Research Institute, Izat- 
nagar. Normally, a bull can produce only 
50 to 60 calves per year by natural mating 
By artificial insemination, it is possible to 


produce about 1000 calves in a year from one 
bull. The general procedure of artificial 
insemination includes collection of semen, 
its examination, preservation, transport and 
injection into the female and study of the 
results of insemination. Artificial insemina¬ 
tion has many advantages It is very econo¬ 
mical and makes possible a wider use of the 
superior bulls, The semen from hulls located 
at distant places can be used, The spread of 
diseases can also be controlled. 

Other animals like chicken, ducks, pigs, 
etc , have also been improved by introduction 
and controlled breeding Aseel, Chittagong 
and Ghagus are some of the Desi breeds of . 
fowl, whereas White Leghorn, Rhode Island 
Red, Black Minorca, etc., are the introduced 
ones. Quite a few hybrids between the Desi 
and introduced breeds arc available in the 
country. Boars of foreign breeds like those 
of Large White Yorkshire, Middle White 
Yorkshire and Berkshire have been used to 
improve Indian pigs which are slow growers 
and the pork of which is of low quality. 
Pig-breeding and management is a very 
lucrative business in western countries be¬ 
cause these animals are most prolific breeders 
and quick groweis. They are the most 
efficient converters of feed into meat. 

Conservation of Gene Pool 

Genes exist in association with other genes 
in an individual. Different individuals have 
different sets of genes. Many individuals 
comprise a population. The sum total of 
genes in a population is called the gene pool. 
Hereditary changes in individuals are reflec¬ 
ted in changes in the gene pool. Individuals 
differ a great deal from each othci in their 
reproductive ability and die after a limited 
period of growth, differentiation and repro¬ 
duction. But the population and the gene pool 
are maintained within certain limits during a 
short span of time. The population structure 
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as well as its genetic make-up changes over 
a number of generations and this leads to 
evolution of the species. These changes 
involve types as well as frequencies of genes 
in a population. Gradually, some genes 
disappear and new ones appear. Many 
genes of wild populations have been found 
to be useful and have been transferred to 
cultivated plants and domesticated animals. 

In recent times, therefore, there has been an 
increasing concern about the preservation of 
natural gene pools. Nature is the best 
conservatory, but due to man’s encroachment 
it is dwindling very fast. Efforts are being 
made by national as well as international 
organizations to collect and preserve useful 
germplasms. The Central Rice Research 
Institute at Cuttack maintains a collection of 
over 8,000 strains of rice and the Sugarcane 
Breeding Institute of Coimbatore has a large 
collection of sugarcane varieties. Huge 
collections of wheat, maize, rice, soyabean, 
etc., are being maintained by the plant 
Intioduction Division of the United States 
Department of Agriculture. Similar collec¬ 
tions of important crop varieties are being 
maintained in the USSR and other countries. 
Wild life sanctuaries and national parks 
help in preserving gene pools. 

Genetic Counselling 

Man has never been as deeply concerned 
about his future as he is now. He is making 
all-round efforts to improve his health, to 
have better and healthy progeny and to have 
enough of good quality food. He is being 
helped by geneticists in achieving his goal. 
Laboratory scientists do fundamental resear¬ 
ches and explore the possibilities of appli¬ 
cations of new findings. Genetic counsellors 
help in educating the public about the use 
and misuse of various inventions. They 
predict the characteristics of the future 


generation progeny and, thus, help m plan¬ 
ning the parenthood 

The counsellor can deteimme the proba¬ 
bility of having a child with a certain heredi¬ 
tary defeet. The karyotype analysis of 
parents can reveal if they have any chromo¬ 
somal abnormality which can be transmitted 
to subsequent generations Biochemical tests 
can reveal if there is any incompatibility of 
the urine, blood, etc , of the husband and the 
wife Such tests, carried out before marriage, 
can prevent many miseries The sex of very 
young unborn bnihryos can be determined 
by examining a sample of cells from the 
fluid surrounding them in the womb. This 
can help in predicting the occurrence of sex- 
linked disorders in the progeny. Suspected 
errors of metabolism and hereditary disorders 
can be prevented by voluntary abortions 
Many affluent countries have very well- 
staffed genetic counselling centres. 

The advice of geneticists is also taken 
before releasing or withdrawing varieties of 
economically important plants. 

The role of genetic counsellors will become 
more important with the perfection of the 
techniques of genetic engineering. 

Genetic Engineering 

Genetic engineering aims at adding, remov¬ 
ing or repairing a part of the genetic material, 
thereby changing the phenotype according 
to will Breeding is the oldest and the most 
well-utilized technique of genetic engineeung. 
During recent years, quite a few new methods 
and techniques have been developed by 
which the genetic material can be manipu¬ 
lated They promise a bright future. 

The first step m genetic engineering is the 
isolation of the desired genetic material. The 
techniques of extraction and purification of 
DNA from various sources are so well 
established that it has become a classroom 
experiment. The excitement over engineering 
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the genetic material has enhanced a gieat deal 
since Har Govind Khorami (who sliaied the 
1968 Nobel Prize in Medicine with M. 
Nirenberg and R, Holley) perfected the 
technique of test-tube synthesis of a known 
sequence of nucleotides or a gene. Once 
synthesized, the gene or a genetic segment 
can be multiplied with the help of replicating 
enzymes and the mixture of bases. Another 
breakthrough in this direction has been the 
isolation and purification of specific segments 
of DNA from a living organism This has 
been achieved by Beckwith and his colleagues 
of the USA They have been able to isolate 
and purify the lac genes of the bacterium 
Escherichia coli (Fig. (23.2). This set of genes 



Fig. 23.2 The purified lac gene as seen under an 
electron microscope. 

is concerned with lactose utilization for the 
bacterium. 

The next step m genetic engineering is the 
transfer of the genetic segment from one 
organism to the other or from the test-tube 
to the cell. The well-established method to 
achieve this is by transformation. Transfor¬ 
mation is the process by which a cell or tissue 


or organism lakes up the segments of the 
naked DNA from its surroundings, incor¬ 
porates it in its hereditary material and 
ultimately expresses the character specified by 
the incoming DNA. Transfoimation has 
been achieved in a number of plants and 
animals. The tough cell wall of plants was at 
one time supposed to be a barrier to the 
uptake of DNA, but this difficulty has been 
overcome by digesting the cell wall either 
completely or only partially with the help of 
suitable enzymes With the synthesis and 
purification of genes, the process of trans¬ 
formation has become more controlled and 
precise. 

Another established method of genetic 
transfer is by transduction. Transduction is 
a process, originally discovered in bacteria, 
wherein a virus (bacteriophage) infects a 
bacterium, carries a part of the bacterial 
genome while coming out of it, infects ano¬ 
ther host, thereby transferring a genetic 
segment from one individual to the other 
Transduction has been found to occur m 
higher organisms, too. Thus, SV 40, a virus 
that attacks human beings, can transfer a 
genetic segment from one host to the other. 
Transduction has been used to transfer the 
lac genes of E. coli to haploid callus of 
Arabidopsis and tomato. The carrier of 
genetic material in these cases has been the 
lambda bacteriophage. 

More recently, plasmids have been utilized 
for manipulating the genetic material. Plas¬ 
mids are rings of DNA that occur fiequently 
in bacteria, over and above the main genome. 
They carry genes for sexuality, antibiotic 
resistance, etc., but not any vital gene, so that 
a cell can survive even without them. Plas¬ 
mids replicate independently of the main 
genome and, being small, can easily come 
out of or get into a cell. Besides the plasmids, 
two newly discovered groups of enzymes — 
the restriction endonucleases (R.E.) and 


OBfTTICS AND SOC1HTY 


157 


ligascs — are ^ sc5 used for genetic engineer¬ 
ing, The restriction endonuclease is used to 
splice the plasmid as well as the foreign DNA 
molecule at specific points in such a manner 
jq as to have sticky ends in both the mole¬ 
cules. The free sticky ends of the plasmid 
DNA and, the foreign DNA serve as conve¬ 
nient points for their complementary pairing 
The gaps are then sealed by a ligase, thus 
making a circular DNA piece which contains 
the plasmid genes as well as a piece of foreign 
DNA (Fig, 24 3) Such a recombi nant DNA 
can be introduced into a bacterial cell as a 
plasmid, where it can replicate and express 
itself. Using this technique, the ribosomal 
genes of Xenopus fa toad) have been incorpor¬ 
ated in the cells of the bacterium E. coh It 
has also been possible to transfer the globin 
gene (the gene which codes for the protein 
part of haemoglobin) of a rabbit and the 
insulin gene of a rat to the same bacterium 
Evidences have been gathered to prove that 
the new DNA is transcribed in the bacterial 
cell. News about the final synthesis of 
idmntproteins is eagerly awaited. 

There have been many achievements of 
(tnctic engineering and there are prospects 
of achieving things which are at the moment 
in the realm of science fiction and human 
fantasy. Some of these can be enumerated 
is follow; 

1. Genetic engineering puts us at the 
threshold of a new form of medicine, gene 
therapy, to treat crippling hereditary diseases 
like hemophilia, phenylk etonur ' a > etc. 

2. The introduction of genes coding for 
diamine, antibiotics or hormones from 
kijhet animals to bacteria opens up the 
possibility or the creation of living factories 
churning out chemicals that are otherwise 
difficult or impossible to get or to synthesize 

3. This technology also opens up the 
possibility of the transfer of nitrogen-fixing 
U« from bacteria or blue-green algae to 


our major food crops, thereby enabling them 
to fix atmospheric nitrogen, This will greatly 
increase the world food supply and will 
also make us independent of expensive 
synthetic feitdizers. 

4, It may well be possible to produce 
plants and animals of totally a new design 
and to tailor their characteristics according 
to will 

5 Besides the above-mentioned practical 
benefits, genetic engineering permits a tho¬ 
rough study of the nature and function of the 
hereditary material It provides a way to 
find the location of specific genes within the 
chromosome and gives a deeper insight 
into when and where enzymes are made. 

But the potential benefits of this techno¬ 
logy must be weighed against its hazards 
There is a positive danger that the manipu¬ 
lation of genes might, by accident, result in 
the origin of new kinds of diseases and 
organisms containing fatal genetic elements. 
These may escape and contaminate the entire- 
earth and may not reveal its presence until 
its deadly work is done Many drugs, such 
as antibiotics, may become ineffective if the 
bacteria acquire resistance due to uncontrol¬ 
led recombinant DNAs. There is also the 
fearsome possibility that the politicians 
may misuse this technique to serve their own 
ends to create Frankensteinlike monsters or 
Hitler-type ruthless dictators. 

Protoplast Fusion 

In conventional breeding experiments, only 
related species can be made to mate. Crossing 
between unrelated species and genera is 
difficult and very often impossible. This 
difficulty has been overcome by the discovery 
of the technique of protoplast fusion. It was 
in 1965 that H. Harris and J. F. Watkins of 
Oxford reported for the first time that cells 
from different animal species (mouse and 
man) can be made to fuse to form hybrid 
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COMPLEMENTARY pairing 

* 



plasmid with insulin gene 



E. COL I With insulin gene 


Fig. 23.3 Steps involved in the transfer of the insulin gene from a rat to E. coli. Rat insulin gene was 
isolated by using a restriction endonuclease, Plasmid was isolated from E, colt and treated with 
the same endonuclease, thereby exposing complementary bases The isolated insulin gene was 
then joined to the plasmid with the help of hgase The plasmid with the insulin gene was intro¬ 
duced into an E colt cel! 
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cells. The first reaction to this report was 
that cells from different animal species could 
be fused together to form viable hybrids 
(Fig. 23.4). Since then, there have been 


Cooking and his colleagues (1975) have been 
successful in fusing yeast protoplasts with 
hen erythrocytes, and Dudits el al (1976) 
have reported on the fusion of human cells 



Fig. 23.4 A cartoon published in Daily Mirror m response to the first announcement that cells from 
different animals can be made to fuse to form .hybrid cells. 


many reports of fusion of cells from different 
animals but so far no hybrid animal has been 
produced by this technique, because animal 
cells fail to differentiate under culture condi¬ 
tions. On the other hand, at least two inter¬ 
specific plant hybrids have been produced 
by this technique. One of them is a hybrid 
between two different species of tobacco 
(Fig. 23 .5) (Carlson et al., 1972) and the 
other one is a hybrid between two different 
species of Petunia (Power et al., 1976). More 
recently, there have been reports about the 
fusion of plant protoplasts and animal cells. 


with carrot protoplasts. It will be interesting 
■if the plant "Components of these hybrids 
bring about differentiation. 

Protoplast fusion opens up the possibility 
of overcoming the sexual barriers and of 
mixing and reassorting the genetic elements 
of hitherto sexually isolated organisms. It 
offers many exciting vistas for the genetic 
mampulation of plants. Hybridization 
through protoplast fusion is known as 
parasexual hybridization because it does not 
involve sexual fusion. 
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Fig, 23,5 Scheme of hybridization by protoplast fusion in tobacco. 
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Fig. 23.6 Possible steps involved in tbe cloning of a human being. 
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Cloning 

Genetic engineering can correct hereditary 
defects or can improve the human race, but 
it cannot prevent death, With the death of 
an individual, a particular genotype (with 
a particular set of genes and characters) is 
lost. One way of preserving the genotype is 
tatifilone the individual. A clone is a popu¬ 
lation of cells or individuals which are 
genetically identical. Clones of plants are 
easy to get by vegetative propagation or by 


the tissue culture methods. An extension of 
the same technique in human beings can 
result in one or many replicas of an indi vidual 
(Fig, 23,6.. The technique will involve 
artificial fertilization in a test-tube and induc¬ 
tion of growth and differentiation in the 
zygote thus obtained 

Only time will tell whether these rapid 
strides in genetics and allied sciences ensure 
a better and happy society. The prospects 
appear to be bright. 


EXERCISES 


1. ‘Selection and introduction are two important methods of plant improvement’. 
Comment on this statement 

2. Discuss the scope and achievements of plan^hybridization. 

3. How can genetics help in the improvement of our cattle wealth ? 

4. Wiite explanatory notes on 

(a) Gene pool, (6) Genetic counselling, (c) Transformation, (d) Transduc¬ 
tion, and (e) Plasmids 

5. Discuss the achievements and prospects of genetic engineering, 

6. With the help of a neat diagram, illustrate the steps involved in the transfer 
of the insulin gene from the rabbit to E, coli 

7. Why are the scientists as well as the enlightened citizens so much concerned 
aboul'the experiments on genetic engineering? 

8. What do you mean by protoplast fusion? What are the prospects of this 
kind of work? 
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Some Important Contributions to the Study of Cell Biology and Genetics 


Name 


Contribution 


H. J. Dutrochet 
R. Brown 

M. J. Schleiden 
M. J. Schleiden 
R. Virchow 
W E Waldeyer 

G. J. Mendel 
E. Haeckel 
His 


F. Miescher 
Fol 

W. Flemming 


E. Strasburger 

l’ 

Schimper 

W. Waldeyer 
T. Boveri 


AH plants and animals are composed of cells. 

Described the characteristic dancing of cell particles 
which is now referred to as the Brownian movement. 
Described nucleoli although first noted by Fontana (1781). 
and T. Schwann Formulated the cell theory 

Stated that all cells arise from the pre-existing cells. 
Reported the use of the new common haematoxyhn to 
stain tissue cells in which he described chromosomes 
Discovered the fundamental principles of genetics, 
Named plastids, 

Developed the microtome for cutting sections of tissues 
for cell study. Preservation of tissues dates from Boyle 
(1663) who used alcohol as a preservative for specimens. 
Discovered nucleic acid (nuclein). 

Observed a spcrmatazo^n penetration of an ovum 
Introduced the term chromatin and described the splitting 
of chromosomes. In 1882, he described cell division, in 
animal cells by the term mitosis, and named the aster 
(1892). He suggested a correlation between nucleic acid 
and chromatin. 

Described cell divisiori®in plant cells and introduced the 
modern usage of the terms cytoplasm and nucleoplasm. 
Named chloroplasts, the special bodies of Sach (1865) 
and the green granules of Comparatti (1791). 

Introduced the term chromosomes. 

Named the centrosome, and in 1892 he published the 
still current diagrams illustrating spermatogenesis-and 


C. Benda 
C. Golgi 

C. E. McClung 
R. G. Harrison 
A.Kossel 
T. Svedberg 
O. H. Warburg 
T. H, Morgan 


oogenesis. 

Named the mitochondrion. 

Described the Golgi complex as an internal reticular 
apparatus. 

Identified the sex chromosomes in the grasshopper. 
Developed the technique for growing tissues in culture 
Chemistry of cell nucleus. 

Ultracentrifuge. 

Action of the respiratory fnzyme. 

Function of chromosomes in transmission of heredity. 
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bate 


,. nation 

i 

1938 


Developed ultra-violet photomicrography for the study 
of nucleic adds. 

1944 

0, T. Avery, C. H. Meier 

Showed the significance of DNA in heredity transmission 


and H. McCarty 

in bacteria. 

1946 

H, J. Muller >■> 

J, B. Summer 

Production of mutations by X-ray irradiations. 

1946 

Crystallized the first enzyme. 

1946 

J. H. Northrop and 

Preparation of enzymes and virus proteins m a pure 


W. M, Stancey 

form. 

1953 

F, Zemike»— 

Phase-contrast microscopy. 

1953 

H. A. Krebs 

Citric acid cycle; 

1953 

J. D. Watson, 

F.H.C. Crick and 

M. H. F, Wilkins 

The double helix model for the DNA molecule. 

1954 

Pauling 

'-•-'KSanger 

W. Beadle, E. L. Tatum 
and J. Lederberg 

Nature of the chemical bond. 

1958 

Structure of insulin. 

1958 

One gene regulates one definite chemical process 

1959 

S. Ochoa and A, Kornberg 

In vitro synthesis of polyribonucleotides, 


^ ^ . 

In vitro synthesis of polydeoxyribonucleotides. 

1961 

M, Calvin . 

J. C. Kendrew andv/^ 

Work on photosynthesis. 

1962 

Structure of protein. 


M. F. Perutz 


1965 

F. Jacob, J. Monod 

Discovery of a class of genes which regulate the activities 


and A, Lwoff 

of other genes. 

1968 

M. W- Nirenberg, 

Genetic code and 


H. G. Khorana and 

base sequence of tRNA. 

■ 

R. H, Holley 


1969 

M. Delbrueck, 

A, D, Hershey and 

S. E. Luna 

Reproductive pattern of viruses. 

1970 

B. Ephrush 

Cell hybridization. 


H. Harris 

DNA-RNA hybridization technique 

1971 

E. W. Sutherland 

Role of cyclic AMP. 

1972 

W. H. Stein, 

S. Moore and 

C, B, Anfinsen 

Structure of ribonuclease. 

1972 

R, R. Porter and 

G. M, Edelman 

Chemical nature of antibodies. 

1974 

A. Clande and G. Paladc 

infrastructure of cell, 

1974 

j/'tLDe Duve 

Temin and D. Baltimore 

Structure and functions of lysosomes. 

1975 

Discovery of reverse transcriptase. 

1975 

R, Dulbecco 

Viruses as causative agents of cancer, 

1976 

C. Gajdusek and 

Cancer research. 


B. S. Blumberg 





